1 ? 

301506.3001-100 



APPLICATION FOR A UNITED STATES PATENT 

UNITED STATES PATENT AND TRADEMARK OFFICE 
(B&D Docket No. 301506.3001-100) 
(Client Ref. No. UMMC 02-10) 



Date: November 21, 2001 Express Mail Label No. ET 817957999US 



o 

Title: System and Method for X-Ray Fluoroscopic Imaging 

Q 

Andrew Kdrellas a citizen of the United States of America and a resident 
of Auburn, Massachusetts; 

Srinivasan Vedantham a citizen of India and a resident of Worcester, 
Massachusetts; 

Sankararaman Suryanarayanan a citizen of India and a resident of 
Worcester, Massachusetts; 

University of Massachusetts Medical Center 
Worcester, Massachusetts 



{J:\CLIENTS\ip\30l506\300l\300l-l00\F0198906.DOC;!} 



m 
Q 



ru 



Inventors: 



Assignee: 



301506.3001-100 



t:tst 

m 



f* 5 



GOVERNMENT SUPPORT HL65551 
T.e invention was supported, in whoie or in part, by a Gran, No. R0> HL65 
^.eKa.ion. — ForHeaHn.TheGoverrnnen.hascertan.n^.n 



the invention. 



BACKGROUND OF THE INVENTION 

5 intravascuiar stents are typica. exanrp.es of fluoroscopy tmagmg However, 
fluoroseo P yaOOviaeofrarnes/seconda 1 oneiso t .ir„ M usew, fl ,ou« t he 

fluoroscopy , ahishdetailmod e.Thi S modemaybeac,>vate<lbya 

capabiutyofswuchingtoataghdetatlmoae 

eolnand to produce a spot image -snapshot' andinmanyapphcatro * 

,0 raiation dose are essentia., hr this mode, the system operates™ a raptd 

rZeradio^cmode.wberethee.pos.eperrrameatmeenrranceort. 

ftame (fluoroscopic mode) to about 300-pR per frame (radrographtc mode, 

lluorosc py, wUh M detaiL 

Although the traditional role of fluoroscopy p 

Itnmepast few years the rote of fluoroscopy has greafly expanded to cover 
1 moredia^ucandtherapeuticapphcations. More mtervenhona. 
M fluoroscopic procedures are performed today in younger pattents as an 



alternative to surgery. 

m spite of recent deveiopments in non-.nvasive procedures such as, 
noetic resonance tmagtng, uitrasound and computed tomography, x-ray 
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fluoroscopy remains the "gold-standard" for process such as dtagnostic 
percutaneous coronary angiography, angiopiasty, stent placement, pacemaker 

of these procedures is making a major impac, no, omy in the survrva, rate of 
patients from cardiovascu.ar disease, but *. on .he ovcraH ouahty of hfc 
these procedures become more effective, younger patients are increasrngly 

,o undergo cardiac radiofreouency ablation procedures. There are aiso chntca, 
situations such as the evaluation of corona^ artery patency fol.owmg 
thrombolysis or in the operating room to assess graft patency where compact 
bedside angiographic equipment can be extremely useful. 

Video pick-up tube-based image intensifiers for fluoroscopy was 
rented ,n about ,940 and has been in use since ,948 when Cohman bui,t the 
firs, practica, image intensify Now, image intensifiers are a standard and 
essentia, componen, of fluoroscopic systems. AUhough severf aspects of th,s 
t echno,ogyhaveevo,vedover the years, the basic approach of "remar, 
.hesame. ^b^W^^vid-.^^-^ 
recently charge-coupled devices (CCDs) have made a major impact ^ 
of x-ray fluoroscopy, to spite of the technical improvements, this technoiogy 
, suffers from several inherent limitations. Veiling glare and contrast loss ,s one 
of the more typical problems inherent in the electronic design of the tmage 
intensifter. After conversion of the light from the scintillator to the 
photocathode, elections are accelerated in a field potential of about 30 kV^ 
During this stage, a fraction of the electrons undergo scatter within the tube. At 
5 th e output stage, after conversion from electrons to photons, the light scatters 
w „h,nLop,ica,e,emeu,sof.heo„tput. S- W e distortion , also a well-known 
phenomenon, which makes imaging of a straight object to appear as havrng an 
S-shape due to the influence of the earth's magnetic field on the .rajectones of 
electrons wimin me image-intensifier tube. Shielding of image intenstfierswtti, 
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lial but in many cases a secant amount of S-type 
distortion is still present. Tins spatially 
as the intensifie, ts moved, maktng ^ ^ ^ by 

to inherent limitattons of the electron ^ 
proper visuafca.ionofana.omy. Stm The glass input window 

to*, which absorbs useful x-ra P ^ ^ ^ ttas 

been replaced withatMctassofO . ^ iBelf abs0I bs about 20 

representsasi^ncantimprovem^ CTgy . The high 
.^oftheusenrlx-rayheam J meta , wta d„w for 

15 vacuum of the intensify ^ „ ftis ^ iayer 

staining mecbanica, integrr^ ^ o.5-mm ,« aiuminum 

„, to input window, x-ra,s »-P- ^ ^ ^ fc ^ t be 

20 out-gassing of components » ™» ^ years ot 

and other structures has CTolved 

ta age intenstfier and elec«ontc 

with CCD readout is far superior to the earlie 

,, 0 ,BWTS^ 1 ,^3.. S 0«0^'-•»«" ^W ■ DOC, ' , 
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pr0 ced»res has resuUed „ a sma ^ ^ 

necrosis in a number of cases, l, proce dure. 

3£=======-" 

SUMMARY OF THE INVENTION fluoroscopic apparatus is 

provid ed for e— ussues and ^ ^ ^ ^ . 

peristaUisandflowcanbeexarmnedfor gn inteorderof approximately .-2 
Cardiovascular fluoroscopic images of sma« «-*» 

m icrons and bigger can be .maged d^u P ^ ^ ^ ^ ^ a ^ 
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• the x-rav radiation passing uuuu^ 

A» ima^ng detector, such as, for ^ ^ ^ 

imaging sense, generates a «re ^ ^ ca) ^ toe 

p— *7 

interpixel channels and the C^up The detector includes a 

e,emen«sorpixe.s. Further, each CCD m y ] oca ted near shielded CCD transport 

, asters. rneseregtstersmay ^^^non-redncingnhero^c 
element between the sereen and the unag ^ 

tocated in a separate processing ^ image data. 

m a preferred embodvment the scmtrtlat ^ ^ 

The imaging detector may be a flat paneum g 
.oaninragingdetecto • T mag q _ — us sili con. Thus,ma» 

indirect detection matenal such as, ^ ,„ 

silicon detector can replace the CLU ^ m ^ 
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^innon modes. A centra. portton may .nclude a to* ^ ^ 

taagmgde.ec.or. Further, preferre mbodim en.s provide different 

sc i»„na.ors a«ached .o an taagmg de.ec,o, These 

ta accordance to preferred embodunents of m* ^ 
foI med from, hut no. * — s --^ ^ ^ 

pix e, sizes vary according to desired apphcahon, ^ ^ rf 

~*~*"~£z:z:~ -* — io °- 300 

50-200 microns, a mid- S1 ze pixe ^ ^ m microns . 

m ,crons and a iarge *. ^ »*~ " - 

b particular for a cardiovascular appi-on ^ ^ ^ ^ ^ ^ 

5 varies between 100-250 mrcrons and the pu 

— - ^^ b T 2 ^- — ame«hodfor X -ray 
fluoroscopic imagmgmcludesas.epofp P n mode or region of a 

20 muhi-resoiunon unagtng ^* ^ tactades . step of 

presentinvention^Themethodforx-rayfl ^ s , ep ^ a ^ resoiution 

examining in detai. .he seiec.ed re,o„s of n c^ ^ ^ ^ 

m0 de or regvon of a mul.i-reso,u..on nnagmg de.e«o ^ 
m0 de can be used ,0 provide further exammatton detaris re** 

• ■ o m ,,1ti-resolution imaging detector. 
25 „y a plurality of pixel s,*s ■„ a reso ^ of (he CCD 

Animages.oreusedw.m.heCCD^ 

sensoroumutsignalsbyadataprocessor. Thesy 
^uremenvs of x-ray transmissions mat are use*. » ce™ 
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3> „, 15 , 30, 60 and 90 frames per second ^ ^ ^ ^ 

fluoroscopic imaging where a charg coup ^ ^ 

5 s cin.,Ua,or and measures or counts the spatial »^ ^ rf ^ 

certain applications. However, the use ^ 
required at high gamma-ray energies. The CCD 

vomica! features. nfomlation by counting the number of 

„ TheCCD acquires frames o EachfaM , or a sequence of frames 

— 1SeWgh,ffl T— ^ lircapa-esrenderitsuitahicfor 

x . ra y fluoroscopic imaging uses a, ieas, one 5 m ^ 

25 taterfacingsensorsmayheue by tihng more 

sem ors in a similar arctu.ec.ure. A particula sensors by straight 

^irtefCsI Tl) scintillator coupled to the sensors jr 

uses a cesium iodide IS-"- '> 
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■ m0dM taa pref OT ed— n«, the design P— ofpre-sampiing 

e^men, ^ ffectivelyusaHocre a 1 e,h C fluo I oscop 1 c ta a g e. 

5 T . L the system. In addition, design aspects, such as, no.se 

Vi pi PCD or spanning multiple interpixel channel CCD s. In 
interpixel channel CCD or spann , rCD one or more of 

-j=======Sr 

^1 used for rotation, angiography and three-dirnensiona! rmagrn, 

^goingandotherfea.resandadvan^esof^esystemand 
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thc same parts throughout .he different views. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figures 1 A and IB are schematic diagrams of prior art image intensifter 
, .iUustratingflteeombinationofimageintenstfer.spot 
based fluoroscopy systems illustrating me 

* ■* » nreferred embodiment of the present invention; 
£ accordance with a preferred emo radiograP hic projection 

* Figure 3B illustrates an oblique position of the radiograp • 

I te Ilrdancew^^^^ 

„ wi tha W eferredembodimentofthepresentmvention, 
.paratustaceordancewithanotherpreferredemhodimentofthepresen, 

•• ^„ 2 svstem in aceordanee with the present invention; 
'i - — v,ewofano,herp ref erredemhod. m e n ,of,e 

Figure 7 is an illustration of the pixel array 
accordance with a preferred embodiment of the present invention; 
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Figure 8 is a scheme view illustrating - sensor control system in 

Figure 9 A is a schematic d.agram of a preferred 
taagerinaccordancewiththesystemofthepresentinvcntton; 

F i gu re9Bisasc h ema,ic d ia g ra m ofachar g ereado„.processo a 

Figure 9C is a diagram illustrating me 
modul esHowin g . h eei^rea d ou,po rt sinaccoraancewi*apre f errea 

embodiment of the system of the present invention; 

F , gur e9Disaschematicdia^ami,lustra,in g »ecross-sec« a 

Referred embodmren, multi-modula, CCD array coupied to a sen >,ator 
I^afiberopticfaceplatein accordance wim the present — 
RguI e9 E isadia g ramiU„sta«insapreferredemhodn.en.-«- 

modular CCD array coupled to a scintillator in accordance with the present 

pins of the centra, module can be achieved in accordance w,th the present 

inVe ° ti0n; tkrr referred embodiment of tiling of multiple 

Fisure 9G illustrates another preterreo emu 

Figure *u elevated to allow access 

teee-sided buttable CCDs, wherein the central CCD is eleva 

,Uh referred embodiments of the present invention; 
accordance with preierrea emuu nre ferred 
Figure 1 0B illustrates the dynamic binning capabilities of the preferr 

embodiment of the present invention system; 
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Figure 10C is a schematic diagram of the formation of a cental higher 
^tionareawthfourimagescnsorsinaccordancewithapreferreo 

embodiment of the present invention; 

Figures 10D and US are schematic dia^s of preferred embodtments 

the present invention; 

Rgures 10F, 10Q and 10H iHustrate alternate embodiments of amult- 

re.oiu.ion image detector in accordance with the present invents 

Figure U iUustra.es the seam correction in a preferred embodtment of 

Figure 13 is a schematic diagram iHustrating, he interface scheme for 
syn chroni Z mg Ore CCD-readon. with a puised fluoroscopic source in accordance 
1S wiu.a P referredembodime».of,hesys.emoftheprese».inven,,on 

Figure 14 graphical iUus.ra.es the 80- k Vp spectrum beam-hardened 
w „h 20-cm of .issue (HVL: 6.75-mm A,), used for analysis of apreferred 
embodiment of the system of the present invention; 

Figure 15 is a simplified model of the output on-chip amphfier 
20 (MOSFET), used for determining the read noise of the CCD in accordance wrth 
apreferredembodimentoffhesys.emof.hepresentinvcnt.on; 

Figure 16 graphically illustrates the quantum efficiency computed for 
various thickness of the cesium iodide (Csf, scin.iUa.or in accordar.ee w,.h a 
preferred embodiment of the system of me presen. invention; 

Figure 17 graphic* illustrates the number of optical ,uan«a emUled per 
u „i. area comp,e, for me four Jesses of Cs I; T, scin.iUa.or as a funcuon of 

. with apreferred embodiment of the system of .he presen. invenhon; 
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Flg „ rel 8graphica. 1 yin U s».es«he„umberofx. ra ypho«o„ S inc i d en «o„ 
t „e entire CCD ca,cu,a,ed for various fiberoptic p.a,e (type 47A) thicks 

the present invention; . 
. Figures 19A-19D graphical* illustrates ,he calculated *nd per pad as 

a function Occident exposure for the 80-kVp spectrum in accordance w,th 
preferred embodiments of the system of the present invention wherem the 
« of me scintillator varies as 300,* 375 urn, 450 urn and 525 urn 
CsI.Tl and the full-we.1 capacity of the output summing well of the CCD 

10 10 6 electrons; . . 

Figures 20A-2OD graphically Urates the estimated CCD notse and the 

.otal noise (inclusive of the shot noise) for the pixel sizes as a function of 
incident exposure in accordance with a preferred embodiment of the system of 
me present invention, wherein the calculations were performed w.th a da* 
15 current of 10 pA/cm 2 and a frame rate of 30 fps; 

Figures 21 A-21D graphically illustiate the calculated Signal-to-Notse 
Ratio (SNR) as a function of incident exposure for the 80-kVp spectrum, 
wherein the total noise, inclusive of the shot noise was used for computing the 

20 SNR; Figure22g ra phicallyi.lus,ra.es fl ,emeas M edpresamplingmodulation 
transfer function (MTF) for different thicknesses of Csl scintillator using .1x1- 
inch laboratory, CCD operating a. a pixel pitch of 96-pm in accordance w«h a 
preferred embodiment of the system of the present invention; 

Figure 23A illustrates an acquired image of a spoke wheel phantom, 
25 using two-tiled CCDs developed for mammogmphic applications, pnor to 

implementing any correction algorithms to suppress seam artifacts in accordance 
with a preferred embodiment of the present invention; 
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Figure 23B illustrates .he corrected image after implementation of a 
correction algorithm, which shows the suppression of a SM m artifact m 
accordancewinrapreferredembodimentofthepresentinventron; 

Figure 24 is a schematic illustration of a preferred embodtmen. of a 
5 ^temusingvoicecontrolinaccordancewiththepresentinventton; 

Figures 25A and 25B illustrate process flow sequences that are used m 
performing the imaging methods in accordance with preferred embodiments of 

the present invention; 

Figure 26A illustrates a schematic diagram of an alternative preferred 
. , 0 embodiment to the x-ray fluoroscopic imaging apparatus having dual amorphous 
« si ,iconoranyothertypcsuchas,butno«Umi.ed«o,amorphousselemum, 

S cadmium zinc telluride, CCD or complementary metal oxide semiconductor 

9- (CMOS) image sensors in accordance with the present invention; 

S Figure26Bisaschematicdiagramofano,herpreferredembodimen.of 

f 15 tKex-myfluoroscopicimagingapparatushavmgdualdetectorsinaccordance 

- with the present invention; 

Figure 26C is a schematic diagram of an alternative preferred 

embodimentofthex-rayfluoroscopic imaging apparatus having dual detectors 
in accordance with the present invention; 

Figure 26D is a schematic diagram of another preferred embodiment of a 
m uUi-resolu,io„ imaging detector in accordance with the present invention; 

Figures 26E, 26F, and 26G are schematic diagrams of alternate preferred 
embodiments of imaging detectors m accordance with the present invention; 

Figure 27 illustrates another preferred embodiment in which the imaging 
el emen,s in each linear array are positioned a. a different angle relative to the 
patientandthex-raysourecmaccordancewiththepresentinvention; 

Figure 28 illustrates a normalized spectrum of the spectrum .Uustrated in 
Figure 14 in accordance with the present invention; 



20 
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Figure29 illustrates the mode, for imputing the number of optical 

^i- f - w ^^-----'-*'-- i,,,l,,4,,,,^ 

525-um thick Cs,T. —or, .here the straight line ind.ca.es a » of the 
f __1 where B is the fit parameter and « is the spatiai frequency 

form ^ + £-(w + w }' 

m Jell accordance with a preferred embodimen, of the present 

invention; 

Figures 32A-32D graphically illustrate the calcuiated exposure . 

dependence of the detective quantum efficiency (DQE(0)) for the three pixel 
dependenc scta «llator in accordance 

1 5 pitch modes of operation for each thickness 

with a preferred embodiment of the present invention; 

Figure 33 graphically iUus.ra.es the calculated detective quantum 

efficiency (DQE(0)) as a function of scintillator thickness at various exposure 
efficiency t v mode ^ ^j^e 

levels, for the imager operating at the 1 56 um pix v 
90 withapreferredembodimentofthepresentinvention; 

Fig.es 34A and 34B graphically illustrate the calculated detective 
^anmm efficiency (DQE(0), as a function of scintillator thickness for the ttaee 
;le,pi,chmodes„fopera,io»atexposure,eve,s„fO,and,-,R.naccorda„ce 

with a preferred embodiment of the present invention; 
. 25 Figures 35A-35D graphically illustrate the effect of additive noise on 

detective quantum efficiency (DQE(0)) using calculations performed a. a 

, i fo .,R in accordance with a preferred 
nominal fluoroscopic exposure level of 2-uR in accordan 

embodiment of the present invention; 
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Figures 36A-36D graphical illustrate the effect of charge trappmg on 
.he performance of the imaging system in accordance with a preferred 

embodiment of the present invention, wherein simuWions were performed ustng 
a 2uR exposure and certain additive noise levels; 

Figures 37A and 37B graphically illustrate the detective quantum 
efficiency (DQE(f)) computed using the pressing signal and the presamptag 
„„ise power spectrum (NTS) at a nominal fluoroscopic exposure level of 2-uR 
with additive noise for the 78 and ,56-um pixel pitch modes in accordance wrth 
a preferred embodiment of the present invention; 

Figures 38A and 38B graphically illustrate the effect of aliasing on a 
frequency-dependent noise power spectrum (NPS), wheretn the presamphng 
NPSandthealiasedNPS were computed usinga450-umCsI:Tl scindl.ator at 
an exposure of 2-uR and additive noise for the 78 and 156-um pixei pitch modes 
S taaccordancewithapreferredembodimentofthepresentinventron; 

Figures 39 and 40 graphically illustrate detective quantum efficency 
(DQE-tf)) computed using the presampling signal and the aliased notse power 
spectrum (NPS) a. a nominal fluoroscopic exposure level of 2-uR with addifve 
noise for the 78 and 156-um pixe! pitch modes in accordance with a preferred 
embodiment of the present invention; 
, 0 Figures 41 A-41D illustrate two-dimensional noise power spectrum 

(NPS(n v)) a. various frame rates with no x-ray exposure to the detector (dark) 
in accordance with a preferred embodiment of the present inventron; 

Figures 42A-42D illustrate a three-dimensional perspective of the dark 
noise power spectrum a. various frame rates in accordance with a preferred 
25 embodiment of the present invention; 

Figure 43 is a graphical illustration of the one-dimensional dark notse 
power spectrum a, a frame rate of 6.865 frame/second in accordance wrth a 
preferred embodiment of the present invention; 
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• of the one-dimensional dark noise 
power spectrum at a frame rate of!3.73 

prefa redembod,men, 0t t e i;:::iro f ,eone— aUar^oUe 
5 oowerspectrumataftamerateoflSWir 

^re^rsagrapW ^ ndinaccorQaM 
po werspectrumatafi^erateof27.46tr ^ 

orefe rred embodiment of tbe present ,„ven,»n ^ 
O oimensionaloarknoUepowerspeCrumforaU 

e.eCronicnoiseforap.uraU^fftameraresmaccor 

15 em— of the ; , f ^ dari! CUItent a, various discrete 

pledem-mentofUtepresentinventio,, 
time potaB in accordance*.* a pret ojse at afferent frame 

^reSOisagrapHcaiiUustratronof*. 

^dancewimapreferredembodtmentofmep, 

small-area, low-noise CCD, 
present invention; 
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measured at SuRtadtcatmg good .sotropy 

embodiment of the present invention; ^ 
^re 5 4 g rapnio*i«-a«e S aone« 

2 . D normaiized NPS in accordance wtth a preferred ernbo 

taVen ' i0n; « ^raohicaiiy 1ft — *» "° iSe qUanB ^ 

Flg »re 55 graptacally rf fc ^ 

measured at 8uR in accordance wtth a preferre 



,0 invention; , lv n , mtrates the detective quantum efficiency 

Figu re 56 graphrcaUy '~ ( of the pKS en, 

measured at 8uR in accordance wtth a preferred 

invention; measurements oflag 

Fi - 57Wh TI~ 1-ofspat.ai^encyin . 

Frgure 58 > ^ fequen cy ta 

corrected detective quantum efficrency . a 
accordance wim a preferred embodunent of the pr 

axes in accordance with a preferred em 

win be apparent from the g ^ ^ „ m 

embodiments of the inventron, .to** ^ ^ 

which like reference characters refer to the sam 
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views. The drawings are not necessarily to scale,. emphasis instead beingplaced 
upon illustrating the principles of the invention. 
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DET AILED DESCRIPTION OF THE INVENTION 

Systems for quantitative radiographic imaging are described in U.S. 
Patent No. 5,864,146 issued on January 26, 1999 to Karellas and in WO 
5 97/42877 published on November 20, 1997 also by Karellas, both of which 
being incorporated herein by reference in their entirety. 

Figures 1 A and IB illustrate prior art fluoroscopic imaging devices for 
interventional radiology and cardiovascular applications which have traditionally 
used image intensifiers 20 coupled to either charge-coupled devices (CCDs) 24 
10 or pick-up tubes. Conventionally, x-ray image intensifiers are used in 

0 conjunction with television cameras 24 for fluoroscopy. The x-ray image 

S intensify 20 detects the x-ray image and converts it to a small, bright image of 

S visible light. Typically, this visible image is then transferred by lenses to a 

1 television camera for final display on a monitor. Figure IB illustrates the details 
CO 

O 15 of the detection and amplification process. 

* u While such devices provide image quality sufficient for most clinical 

applications, there are several limitations to this technology, which impedes 
further improvement. Some of these limitations include loss of resolution in the 
fringes of the image intensifier, veiling glare and associated contrast loss, 
20 distortion, size, and degradation with time. 

Figures 2A and 2B schematically illustrates the contrast loss in image 
intensified systems of the prior art. The image 40 of the uniform field shows 
pronounced drop-off in intensity away from the geometric center of the image 
intensifier input. Figure 2B illustrates the effects of blocking a part of the edge 
25 and appropriately 10% of the area with a central lead disc. The oscilloscope 
signal 52 behind the lead shield 54 rises above the baseline and contributes to 
loss of contrast. 

In Figure 3 A a preferred embodiment of the invention for performing x- 
ray fluoroscopic imaging uses a detector 1 10 and a x-ray tube 1 12. The detector 
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HO comprises a scintillating plate 120 which is optically coupled to a two- 
dimension* charge-coupled device ,24 (CCD). The CCD is a two din— 1 
^ayofdctectorsintegtatedintoasinglecompactelecttonicchip. Theoptica 
coupling between the scintillating plate 120 and the CCD .24 is accomphshed 
hy a fiberoptic coupler or plate 125. Such a plate 125 provides construed 
propagation of light through the respective fiber channels thus minimizing and 
preferably eliminating undesired light spreading that can he deleterious to the 
spatial resolution of the imager. 

Figure 3B illustrates an oblique x-ray fluoroscopic imaging system 150 
in accordance with a preferred embodiment of the present invention. It should 
be noted tha, the figure demonstrates the ability of ob.io.ue positioning w,th the 
digital imaging detector .56 to be in accordance with preferred embodiments of 
the present invention. The x-ray tube .52 is positioned below the table 1 54 wtth 
me detector 156 positioned above the table. A C-arm 158 configuration of the 
imaging system allows the oblique positioning of the projection system m 
accordance with the preferred embodiment. The C-arm 158 aligns the source 
and the detector assembly. I. fiulher rotates the source and detector about the 
patient on the table to provide multi-directional viewing of the human body. 

Referring to Ftgures 4A and 4B, x-ray fluoroscopic apparatus 210, 210A 
have an x-ray tube 212 which deliver abeam of x-rays 214 towards the body of a 
subject 216 being examined. Note ta comparison to Figure 3A the source canbe 
positioned above the patient and the detector below the table 220. 

When the subject 216 is irradiated with the x-ray energy, a percentage of 
the x-rays reaching the subject 216 is absorbed by the subject's body, the amount 
of absorption depending on the tissue upon which the x-rays are incident. Smce 
x-rays generally travel in a straight line, the x-ray energy exiting the subject s 
body on the side of the body away from the source 212 is a spatial represents 
of absorption in the subjects body, and therefore of relative tissue and skeletal 



densities. 
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To receive the x-rays passing through the subject's body, a scintillation 
screen 222, 237 provided On the side of the patient away from the x-ray source 
212. The scintillation screen 222, 237 is a fluorescent material sensitive to x- 
rays, and when it receives x-ray energy it re-radiates visible light. The spatial 

5 intensity patterns of the radiation emitted from the scintillation screen is 

proportional to the spatial intensity pattern of the x-ray radiation received by the 
screen 222, 237. Thus the scintillation screen 222, 237 provides an image in the 
visible spectrum, or alternating in the ultraviolet or near infrared, which is 
regionally proportional to the x-ray image reaching the scintillation screen 222, 

10 237. 

% The CCD sensor 224, 239 is an array of photosensitive pixels using 

closely spaced MOS diodes which convert photons to electrons and thereby 
generate a discrete electronic representation of a received optical image. A 
I fiberoptic plate 226, 238 focuses the visible light emitted from the scintillation 

O 15 screen 222, 237 onto the surface of the CCD sensor 224, 239. The fiberoptic 
I* plate may be straight or tapering as illustrated in Figure 4B. In order to prevent 

S ambient light from reaching the CCD sensor, a shade surrounding the region 

S between the scintillation screen 222 and the sensor 224 may be provided in the 

S form of a photographic bellows or hood. The bellows may serve to reduce the 

20 optical noise level of the image signal reaching the CCD sensor 224. The 
antiscatter grid is not shown in most of the schematics for simplicity. 

Although the scintillation screen 222, 237 absorbs most of the x-rays 
incident upon it, some may still be transmitted through the screen 222, 237 and 
interfere with the optical image signal of the scintillation screen 222, 237. The 
25 direct interaction of x-rays with a CCD sensor produces very bright pixels 
resulting in a "snow" effect in an optical image detected by the sensor. In 
addition, prolonged direct x-ray irradiation of a CCD sensor can increase its dark 
current. For these reasons, an x-ray absorbing fiberoptic plate may be positioned 
between the scintillation screen 222, 237 and the CCD sensor 224, 239. An anti- 
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scatter grid may option* be used between ,he patient and the scntnlatton 
screen for preventing scattered x-rays from reaching the screen. 

During a typical examination, the subject 216 is placed between the x-ray 
source 2,2 and the scintillation screen 222, 237. The x-rays are then activated 
5 fromapulsedoracontinuousx-raysource. As x-rays are different,* 

transmitted and absorbed through the body of the subject 216, they interact wtth 
the scintillation screen 222, 237. Upon interaction, the screen 222, 237 emtts 
light in the visible part of the electromagnetic spectrum. In the present 
embodiment, the scintillation screen is a thallium activated Cesium Iod.de 

10 (CsI:Tl) material. 

The light emitted from the scintillator and is transported to the CCD 
sensor via the fiberoptic plate 226, 238. Upon interaction with the CCD sensor 
224 239, light energy is converted into electrons which are stored in each ptxel 
1 of the CCD sensor 224, 239. A single CCD sensor 224, 239 of the present 

m 15 embcxiimen,consis.sof204 8 x 2C4 8 pixel S ,bu,suchsensorscomeinanumber 

of different sizes. The pixel matrix «, vary in the range from 256 x 256 p.xels 
to 4096 x 4096 pixels. Preferred embodiments include 1024 x 1024 pixels for 
certain applications to improve geometric fill factors such as required for cardtac 
and vascular applications. The CCD sensor "integrates" the image signal from 
20 the scintillation screen in that i, senses the optical image and stores charge 
during the entire x-ray exposure interval. After termination of the x-ray 
exposure, the discrete representation in the CCD 224, 239 ts read out by 
controller 230. The controller 230 reads the image representation from the CCD 
sensor 224, 239 pixel by pixel and organizes it into a digital array. The dtgttal 
25 array, representing spatial position and x-ray intensity, is then output to a 
memory or image store 232. From the unage store 232, the image can be 
accessed byadata processor 234 for performing image processing techmques. 
A cathode ray tube (CRT) 236 or other type 0 f electronic image dtsplay ,s also 
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provided to allow the image to be displayed before or after processing by the 

data processor 234. 

Unlike other conventional detection schemes, such as film screen 
radiography, CCD-based imaging provides a linear quantitative relationship 
5 between the transmitted x-ray intensity and the charge generated in each pixel of 
the CCD. 

A preferred embodiment of the present invention is concerned with an 
area detector synchronous with a x-ray source that scans the region to be 
examined in a linear fashion. Alternatively the patient support table may be 
10 moved in relation to the x-ray source and detector to study vascular blood flow. 
□ This preferred embodiment uses multi-resolution modes or regions as discussed 

yp hereinafter. 

| Figure 5A shows an alternative embodiment to that of Figures 4A and 

1 4B. In this embodiment, an x-ray filter 242 is placed between the x-ray source 

15 240 and between the subject 216. The x-ray source-240 can be either tube-based 
or any other solid-state x-ray source. In the present embodiment, the filter 242 is 
copper or a K-edge filter. The filter 242 is implemented as an electromagnetic 
shutter which may be opened and closed in the line of the x-ray beam. 

The fiber optic plate 244 is a focusing device consisting of a large array 
20 of optical fibers packed tightly together, and leading from the scintillating screen 
245 to the CCD sensor 247. Near the CCD sensor 247, many of the fibers can 
be fused together, thus combining the signals present on individual fibers. The 
effect is a compression of the image from the input of the reducer 244 at the 
scintillation screen 245 to the reducer output at the CCD sensor 247. In this 
25 manner, the reducer 244 effectively focuses light from the scintillating screen 
245 onto the CCD sensor 247 without the necessity of a lens for the focusing 
region. 

Figure 5B is another preferred embodiment of the x-ray fluoroscopic 
imaging apparatus of the present invention. An x-ray filter 241 is placed 
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between the x-ray source 240 and the subject 216 positioned on a patient support 
243. The filter 241 is an aluminum, copper or a combination of aluminum and 
copper filter. In this embodiment the x-ray radiation passing through the body of 
the subject are incident on a thinned substrate 217. The thinned substrate is a 
5 glass substrate of approximately 1mm to 1 mm thickness or in an alternative 
embodiment is a non-glass substrate including polymers or non-absorbing 
composites. The substrate 217 may be made ultra by subjecting the substrate to 
mechanical, electrical and/or optical processes. In a preferred embodiment the 
glass substrate has a seed of amorphous x-ray transparent carbon fiber disposed 
10 on top of the glass or beryllium seeds to provide structural integrity and rigidity 
to the substrate 217. A pixellated structure 219 of an imaging detector is 
disposed on the substrate. A scintillator 221 which may be structured, granular 
or transparent is provided after the detector with the pixellated structure. This 
M preferred embodiment enables the interaction of the x-rays and the scintillator to 

15 occur at the pixel structure to preserve the spatial resolution as the spread of 

light is minimized. Thus the detector is radiated by back illumination due to the 
positioning of the scintillator 221 relative to the pixel structure 219. 

Figure 6 shows an alternative to the scintillation screen 222, 245 of 
Figures 4 and 5. The plate 248 is a fiber optic faceplate consisting of 
20 scintillating fibers 250 running though the plate. The fiber optic plate is 

optically interfaced to the CCD in essentially the same way as the scintillation 
screen 222 of Figure 4, but the fiber optic plate 248 allows for greater quantum 
efficiency due to increased x-ray stopping capability. 

Figure 7 is a representation of the pixel array of a preferred embodiment 
25 of the CCD sensor 241. The array shown in Figure 7 is only 10x10 for 

illustrative purposes, and the actual array can be of different dimensions. Each 
pixel in the array is an individual photosensitive element which contributes to 
the overall image detected by the array. A feature of the CCD sensor of the ■ 
present embodiment is a capability of the pixels of the sensor 241 to be "binned' 
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together. The binning of the pixel array refers to the ability of the sensor 
electronics to combine groups of pixels together to form "super pixels" which 
are then identified as single picture elements. 

Charge is binned by combining charge packets contained in two or more 
5 adjacent potential wells into a single potential well during charge readout. Serial 
and parallel binning can be combined to perform two-dimensional binning from 
any rectangular group of wells or detector elements. 

The dark lines in the binnable array of Figure 7 illustrate where 
individual pixels might be grouped together. For example, the four upper left- 
10 hand corner pixels 250 can be binned together through control of the CCD 
□ sensor 241 to form a super pixel. The super pixel is then identified by the CCD 

S . electronics as a single pixel, the light intensity reaching each pixel 250 being 

.5 averaged across the surface of the entire super pixel. In this manner, the 

| dimension of the array can be electronically controlled. As can be seen in Figure 

1 15 7, if groups of four pixels are binned together across the 10x10 array, the overall 
L array dimension becomes 5x5. Although the binning of the CCD sensor 241 

K reduces the resolution of the pixel array, the relative percentage of noise is also 

£ reduced, thus providing an improved signal to noise ratio (SNR). The pixel 

2 binning technique can be used to increase the signal to noise ratio and to 
20 decrease the radiation dose. 

An internal instrument stability control system can be incorporated to 
provide a means of automatic compensation for any instabilities in the x-ray tube 
potential and current. The stability control device is not essential for the 
operation of any of the described techniques but it provides better reliability and 
25 precision in x-ray fluoroscopic imaging. A schematic representation of the 

preferred embodiment of the stability control device is shown in Figure 8. The 
output of x-ray tube 212 is monitored by a pair of x-ray sensors 270A, 270B 
placed on the jaws of the beam restricting diaphragm 292 of the collimator 
housing 288 such that the sensors do not interfere with the x-ray beam incident 
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on the patient 294. These sensors can be silicon diodes, cadmium zinc telluride 
radiation sensors or any other solid-state x-ray sensor. Alternatively, a pair of 
compact photomultiplier coupled to scintillator or photodiode coupled to 
scintillator can be used. Either one or both of these sensors can be based on the 
5 same technology. Either one or both of these sensors can be of the charge 

integrating type to provide exposure information, or, of the photon counting type 
to provide energy information. Both sensors are operated continuously during 
the entire acquisition period. The time varying signal from each of the sensors is 
digitized and stored in the computer memory. These signals can be used to 
1 0 monitor and regulate the x-ray beam incident on the patient by controlling the x- 
ray source, but also can be used to provide quantifiable information about the 
anatomy being imaged. Based on the beam monitoring measurement of the x- 
ray beam incident on the patient 294 and image recorded by the detector 280, it 
is feasible to quantify the output to input ratio, which provides valuable 
15 information about the anatomy. In addition, the x-ray beam incident on each of 
these x-ray sensors 270A, 270B may be filtered by different type or thickness of 
filtration, such as x-ray beam filter 278 in order to derive energy information of 
the x-ray beam incident on the patient. For applications requiring quantitative 
information about the tissue or bone, these filters can be an amount of 
20 polymethyl methacrylate to simulate soft tissue or a hydroxyapatite-epoxy 
mixture to simulate bone. These beam monitoring sensors can be used in 
conjunction with the preferred embodiments of the image detectors such as 
amorphous silicon with scintillator, complementary metal oxide semiconductor 
(CMOS) with scintillator, amorphous selenium without scintillator and other 
25 direct conversion materials such as cadmium zinc telluride, lead iodide and 
mercuric iodide without scintillator described herein. 

A preferred embodiment of the present system is based on a large-area 
interline CCD device for fast frame applications such as fluoroscopy. An 
interline transfer imager, also referenced herein as an interchannel device, and an 
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interpixel channel imager, is constructed by placing several large area interhne 
CCDs adjacent to each other. In a preferred embodiment, hght shielded charge 
transport registers or interpixel charts are located near sensitive pixels. These 
interpixel channels can be oriented either vertically or horizontally. The 
5 integra.ionofcharge.akesplaceinthepixels.whichcanbepho^diodesor 

metal oxide semiconductor (MOS) capacitors. In a particular embodnnent, a. 
th e end of the integration time, the charge packets are shifted from the p,xe.s 
into a interpixel channel alongside them. These interpixel channels may be 
shielded from light and act as a temporary memory for the information commg 
10 from the pixels. The charge packets from the pixels may be transported through 
the interpixel channel to the horizontal-output or serial registers. The senal 
information in the horizontal output register is transferred to the output and 
consequently converted into an electrical voltage or current. The sequence of 
parallel to series conversion and the readout is repeated until all the charge 

1 5 packets are read out. 

The interline-transfer imager can integrate a new image during the 
storage of the previous image in its memory element such as, for example, the 

interpixel channels. 

In an alternate embodiment, the interline-transfer device may be 
20 integrated with a frame-transfer imager and thus be a frame-interline transfer 
CCD It has the light sensitive area of the interline-transfer device (photodtodes 
and vertical shift registers), combined with the storage area of the frame-transfer 
device In another embodiment, the CCD is a MOS addressable imager whtch ,s 
a matrix of photodiodes each of which is provided with a MOS-tnmsistor actmg 
25 as a switch. 

In a preferred embodiment, four, three-side buttable interline CCDs can 
be tiled to form a large area, for example, a 16 cm x 16 cm imager. A single 
module 300 is illustrated in Figure 9A. A particular embodiment CCD cons.ts 
of 1024 x 1024 pixels/with pixel size of about 80 urn x 80 urn. The selection of 
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these pixel dimensions and pixe. matrix are arbitrary. Similar imagers of any 
desired size can be constructed usmg the underlying concepts described here,. 
The pixel sizes may vary from approximately 10 to 400 um in size. A preferred 
embodiment to perform fluoroscopy with an interline CCD device 302 uses a 
pul sed x-ray tube and synchronizes the frame rate with the pulstng of the x-ray 
tube However, when x-ray pulsing cannot be attained due to equipment 
.imitations, the system in accordance with the present invention can perform , 
adequately with another preferred embodiment having a continuous (non-pulsed) 
x-ray beam due to its interline mode of operation. 

The charge readout process for a single CCD in accordance wth a 
preferred embodiment ,s iltastrated in Figure 9B. The time duration for transfer 
from the photosite 322 (active area of the pixe.) to the data line (in.erp.xel 
channel 324) can be extremely short, for example, in the order of approximately 
a few microseconds (us) and therefore, any smearing due to the continuous x-ray 
beam is minimized. During this short period, the photosi.es in the imager do no. 
integrate .he charges and mere is no shifting of charges along the vertical 
direction. This period is referred to as the vertical blanking time. Oncethe 
eharges are transferred to the interline or interpixe. channel, it takes a short time, 
for example, approximately 1 5 us to transfer one row of 1024 pixels on to the 

20 horizontal register. 

m a preferred embodiment, the interline channel can be made msensmve 

. t0 ,igh,, therefore, image smearing during me readout is avoided. The readout 
process can occur in .he background without interfering with the tmage 
acquisition since the CCD reads out its charge through the interiine channel, 

25 from a given frame, while the subsequent frame is being acqu.red m the 

photosites (pixels). Vertical bmning is achieved by transferring two or more 
rows of data on to the horizon*, register a, the same instant. Following .hts, all 
the pixels in each of a row are transferred to the summing well and on-ctup 
amplifiers of the output port within a short duration for example, approximately 
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5 e—mofmesy^i.capaMeofread.ngou.aco.p.eef^o , 

Lp.e, .024 , .024 ^ in .5.4 ms (5 + >024 > .5 whtch 

f a< fr.mes/sec Higher frame rates can be 
corresponds to a frame rate of 65 frames/sec. Hig 

The system derives its speed from the mterline archrtecture. H-**. 

, rt, a .referred embodiment is capable of operafng m both 
in accordance w,th a preferred em instanta neous.y 
, 5 continuous and pulsed fluoroscopy nvodes and can 

In a preferred embodiment, each CCD module n 
sho JhUc. Ourinstbe^periodwhenmecbarsesare^ed 
shown, gu ^^us^theretsnostaftingof 
from the photost.es 332,0 the mte described hereinbefore, this 
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( 204% pixels / row j Hencej the contents of a single 

5.12-us y= 2 (binning)* 8 pom x 25 MHz J 

frame from a single CCD module are transferred in 20.61-ms 
(_ 5 ^ + [(15/zs + 5.\2vs)x\0Uvertically binned rows]) . Thus a preferred 
embodiment of the present invention system is capable of achieving frame rates 
5 O fupto30fps,eveninthe78-,mmode. In cardiovascular applications, pntel 
sizes of 78 x 78-um or larger may be used instead of the 39 x 39-um addressed 
before to improve the geometric pixel fill factor. 

The most important characteristic of this readout scheme is that the x-ray 
source can be operated in the continuous mode without affecting the readout 
10 process as the interline channel and the horizontal register are opaque to hght. 
In pulsed fluoroscopy, the CCD readout can be synchronized wUh the x-ray 
pulse to further reduce motion blur. Pulse width of commercially available x-ray 
generators range typically between 1 to 13-ms, depending upon the 
manufacture, When the preferred embodiment of the present system is operated 
15 at30fps,thetimetakenperframeis33.33-m,Duringthisperiod,thex-ray 

source is active for at most approximately 1 3-ms. Hence, after the termination 
of the x-ray pulse, the charges on the photosites are transferred to the data line m 
5-,s, and the imager integrates charges for the next frame immediately after tins 
period An additional delay of 2-ms between the control pulse for switchmg off 
20 the pulsed x-ray source and the start of charge transfer from the active area of the 
pixel has been provided for preferred embodiments which are not equipped with 
grid-controlled tubes to allow sufficient time for discharge due to capaatance of 

any high-tension cables. 

A schematic diagram showing the cross-sectional view of a multi- 
25 m c4„larCCDarray350isshownmFigure9D. A scintillator 352 is coupled to . 
the CCD 358, 362 through a straight fiber-optic plate 354. The stra.ght fiber 
ensures constrained propagation of light through the respective fiber channels 
thus, mirumtaing undesired light spreading that may be deleterious to the spatta, 
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the CCD modules. 

A tiled perspective of a complete imager 370 wth multiple CCD 
modules is shown in Figure 9E. In a preferred embodiment, the CCDs offer a 
convenient means of constructing large area flat-panel imagers. If a larger 
number of three-side butiable CCDs are to be tiled, a "stepped" approach can be 
^ as illustrated in Ftgure 9F, which enab.es signal routing from the headers of 
the centrally located CCD modules. Alternately, the centra! CCD 392 ,s 
elevated as shown i„ Figure 9G. These approaches to fie three-side buttable or 
interfacing CCDs facilitate the fabrication of large-area imaging arrays. The 
fiber-optic faceplate 396 that rests on the CCD surface may also be stepped, 
while the top surface in contact wrth the scintillator can remain flat. Smce, the 
CCDS are thin devices, magnification effects due to the stepped architecture can 
be neglected or corrected through magnification compensation algonthms or 
seq „ence of instructions if reared. In another preferred embodiment, four-srde 
K buttable CCDS may be used wherein the geometry is simpler and tiling as shown 

S in Figures 9D and 9F can be easily achieved. 

t Although some coronary angiography and other procedures such as 

20 procedures such as percutaneous transluminal coronary angioplasty (PTC A) and 
stent deployment require high resolution and excellent contrast. Physicans use 
increasingly thinner guidewires, as small as 250 microns, which are freouentiy 
difficult to image clearly in large patients, and are engaging more in performmg 
therapeutic procedures in smaller arteries. Therefore, the capability of htgh 
25 spatial resolution, with better contrast, is critical in these procedures. 

Recognizing this need, preferred embodiments of the present invention are 
designed to deltvcr the highest spatial resolution achieved with a fluoroscopy 
flat panel detector. The resolution capabilities of the present invention tmager 
can be varied thrpugh a process called "pixel binning" wherein adjacent ptxels 
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are grouped ,oge«her for low resolution application, An illustration of the high 
404 and low-resolution modes 402 of operation is shown in Figure 10A. 

Preferred embodiments of the present invention provide dynamtc 
variable spatial resolution. Fixed spatial resolution is likely to be of limited use 
5 in cardiac imaging. In current practice, during the initial phase of a cardtac 
procedure, the low resolution mode is acceptable and is performed a, a lower 
radiation dose, while when engaging in rotoablation or angioplasty, the high 
resolution mode is often essential in most case, Current flat pane, technology 
has ye, to demonstrate capability or potential of dual or triple mode resolutton. 
,0 As an example, for preferred embodiments of the present invention system w,th 
a base pixel size of 80pm, the resolution can be varied in multiples of the base 
pixel size, such as 80 microns (6.2 cycles/mm), 160 microns (3.1 cycles/mm), 
240 microns (2.1 cycles/nun) and 320 microns (1.5 cycles/mm). Tins ,s 
accomplished by pixel binning (grouping of pixels) prior to readout a, the 
15 hardware level. Further, the resolution of the imager can be varied dynamically 
amongst different regions 412, 414 as dictated by the diagnostic task as 

illustrated in Figure 1 0B . 

The schematic in Figure 10C shows a fluoroscopic or radiographtc panel 
.ha, consists of four image sensors 422, 424, 426, 428. Each sensor, for 
20 example, sensor 1 422 can be read out in two segments, one segment ts the 
lower quarter which can be read out in the high resolution mode 432 whtle the 
other three quarters can be read out in the lower resolution mode 430. Th,s 
multiple resolution mode can be facilitated by employing a separate readout for 
each quadrant of an individual sensor. Further, preferred embodiments may 
25 provide interpolation techniques for the CCD seams at different resolution. It 
should be noted that in preferred embodiments, more than one region of the 
imager can be operated at a high resolu.ion.mode. For example, the upper ngh. 
and lower left quadrants may be operated a. the high resolution mode, while the 
res. of .he imager is operated a. the low resolution mode. This allows viewing 
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of Hood vessels, which may traverse a>on g the dia g ona, of .he imager a, a high 

reSOlU le schematic in Figures 10D and ,0E iUustrate preferred embodies 
of the sc,„«il,a.ors 444, 444A that are designed to be thinner in Ure centra, 
S ection450,4 5 0Aand.hicRerin«heperipher y 44 8 ,44 8 A,452,452A. Th, 

sieial .,„.„„ise ratio in the non-centra, region. The scinti„a,or can be deposed 
as a gradual* thinned iayer as i,lustta.ed in Figure ,0E. A scin.illa.or may 

different absorption or decay characteristics. These preferred embo .rnems of 
th e scinti.la.ors can be used with any indirect type detection technotag.es *ch 
u seascin,iUatorsucha S ,h U tno.,im 1 .ed.o,an.on>hon S s«icon,CCDsorCMOS. 

Figure 10F iltastta.es an alternate embodiment of a multi-resohmon 
im a g i„ g de,ec«or460inaceordancewi.h fl .epresen«inven«on. Afla.parvel 

de.ec.or has a sclent of the pane, consisting of relative* large p,e, 
462, such as pixels of a so.uare shape, and a segment of .he pane, constsnng of 
smallerpixe,s464. The spatial resolution of .he centia, are, is h gher«™*= 
2 periphery. AI.ema.ively, me entire sensor can be made of a single p.xe, srze, 

P .heperipheryof.hesensorisbinned.oprovidea.owerreso.u.ionof.he 

" 20 pe^erycompared.o.hecen.erarea. 

lay be conttol.ed independent.y in a particn,ar embodiment of .he presen, 
invention. In a preferred embodimen, me fluoroscopic ra.e of .he centra, 
section may be 30 frames per second whUe fta. of .he periphery may be a. 1 5, 
75 3 1 0 5 or 0.1 frames per second or even be displayed as a static .mage. 
,5 " ' Theflatpanelimagermaybeoffteindirectde.ec.ionwesuchas.for 

example, bu, no. limi.ed .o, an amorphous silicon de.ec,or wi.h a scin.Hla.or, or 
0 f the d,rec, detection .ype, using amorphous selenium or Cher dtrec. detection 

. material. 
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Figure ,0G iitetrates an alternate preferred embodimen. of a muta- 
packing in a preferred embodtmen,, .he centta, region, can be a CCD coup,* 

""^Figure 10H iHustrates ye. another attema,e embodimen. of a muUi- 

■ • , tiw 470 in accordance with die present invention. 1 he 
resolution in.ag.ng detector 470 maccoraan 

flat pane, has three spatia, reso.nt.on modes and associated p.xe,s 472, 474 476 
IgeLeen ,0 to 50 ^ »n particular for cardiacapp.ications the range of 

between .50-200 umbut for some applications they range from ,50-250 urn. 
lll e 1 arges.pixe.s472in«ermsofsizerangefrom.50^00un.. For 

, 0 applications ftey may preferably range from 250-400^*8 

tto „ g h,heprc,essofpixe,bin»ing,discussedhereinbefore. Further.the 

central region can be operaung a. any desired ra.e independent of the 
U rroundin 8 regions.F„rexa mP ,e,thecen tt alre^oncanbeopera, 1 ng,30fps 

25 leles— gregio„scanbeopera,inga,30, 1 5,,5,3,fp S orevenas 

aStt, ' C ;r:e,. k nown to .seamar ti fac.soccurwhen,urgC CD s m dva ri ou S 
embodtmentsofthepresentinvenhonrectityd.isproblem.lnapa^.lar 
embodimen., ft. frames are corrected for seam artifacts as soon as they 
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, „ ,„ "oseudo real-time" because (here may be a small 
acquired. This, analogous ,0 p»* 

regi „n of .he seam .s .denhfied by • . ( 

cardiac procedure. Current appr tra ck-ball 
me operator or physician to mar. and draw Imes usmg a mouse « . 

, • „ the vessel and to draw lines pertaining to me 
20 alo „gmeobs.ruc.edre^ e „ ^ the de ^e of 

eS, ' m TTlThet .h ^ .ssu.ecttoanelevateddegreeofuncert-y 
due to the need fo p ^ rf ^ ^ ^ 

"t:^— astthanthataffbrdedbypnorarttmagn, 
25 provide high resoiunoi determined 

^flowcanbeused.oau.oma.icanyeva.uate.hedegreeofstenos.s. 
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referred embodies of the present invention a.so address rotation. 
mi mree-dimensional angiography. Current cardiac diagnostic procedures 

Typically three ,0 seven views (depending on the procedure and phystcan 

Agnostic exam. Due to the ability of a preferred en— of 

art.ecnno.ogyforaneouivaientcutnuiativeradiationdoseto.hepat.ent.Snch 

fcrtbl-dimensiona, imagingofthe anatomy with — and contrast. As 
comparison, dimensional images acouired with Computerized 
Tomography (CT) scanners demonstrate resolution in the order 0.1-0. 
cydes/mm, which is an order of magnitude iower than tha, achteved by the 
15 preferred embodiments of the present inventton. 

Further, preferred embodiments of the present invent.cn prov.de fo 

LuUonandcontras.thatisachicvedbythepreferredembod.men.sofme 
Jsentinventionsystemford.esameradiationdoseaswid.conven^pno 

contrast media and appropriately advance the patient postttonutg table or move 

25 1 »ee fUnaitrac.ngbymeoperator.ifdesired. T«s is bene™ 
penpherauascularprocedures.wherepriorarttecr.o.ogyishas^ne,,^ 
manualtrac.cingofthecontrastmed.abytheoperator.orbyap— ed 

soeed of movement of the tab.e in a particular direction, whtchmtgh. no ^ 
Llate to the rate and direction of movement of the contrast med„ Due 
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accurate Tacking and automation capabiHties, preferred embodiment, are a 
valuable tool for virtual surgery. 

The preferred embodiment as described hereinbefore includes four, 
rhree-side bu«ab,e, S x 8-cm large area interlined CCDs, coupled to a s<ruc<ured 
5 CsITl scintillatorbyastraightWering) fiberoptic plate. ThefourCCDs 
are tUed in a seamless fashion, with the readout pins oriented away from the 

to achieve a field of vtew (FOV) of ,6 x 16-cm. Each CCD can have a 
2048 x 2048 pixel matrix with a fundamental pixel pitch of 39-un, The CCDs 
are capable of being operated in 3 different pixel pitch modes of 78, 156 and 
10 234-um, resulting inputs, limits of 6.4, 3.2 and 2, cycle/mm, respec^ly. 
The variable pixel pitch is achieved by grouping or binning 
adjacent pixels, respectively. This preferred embodiment having a CCD wtth an 
interline architecture hereinafter referred » as the interlined CCD facihtates 
tae rates of up to 30 frames per second (fps) even a. the highest resolute 
15 modeof78-,m. In addition, the x-ray source can be continuous* on, as the 
to taken for transfer from the active area of the pixel (photosite) to the data 
U„e (interline or interpixel channel) is extremely short (5-us, and does no, 
contribute to smearing. This al.ows the use of these embodiments with cost 
efficient fluoroscopic devices, which do no, employ a pulsed fluoroscopy 
2„ source, such as some mobile C-arms. The in,er.ine channel is opaque to hgh, 
resulting in degradation of the f... facto, The width of the interhne channe. ts 
approximately U-um and traverses the length of the pixel, resulting tn an 
area of 28 x 39-um for each tadamental pixel. This results in a fill factor of 
approximately 72%. The charge readout process for a single CCD module 
25 operating in the 2 x 2-binned (78-um) mode is described with respect to F.gure 
,C. Each CCD module has eight (8) output ports as discussed previously m 
Figure 9C. 

Figure 12 is a timing diagram 500 for a single CCD module m 
accordance with a preferred embodtmen, of the present invention, in addmon, 
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Figure 13 illumes .he interface diagram 520 for synchronizing the CCD 
readout with a pulsed fluoroscopic source 536. 

The high tension tank 532 includes a bank of capacitors and a 
transformer to generate the high voltage for the x-ray tube 522. After the 
5 termination of the x-ray puise, the charges on the pho.osi.es are transferred to the 
data line in 5-us, and the imager in.egra.es charges for .he next frame 
immediately after .his period. An additional delay of 2-ms between the control 
pulse for switching off the pulsed x-ray source and the star, of charge transfer 
from me aCive area of me pixel is provided for preferred embodimen.s winch 
,0 are no, equipped with grid-controlled tubes .0 allow sufficient time for discharge 
due to capacitance of any high-tension cables. 

I„ a preferred embodiment, the scintillator is a cesium iodide (CsI:Tl) 
scintillator, as they have the capability to maintain high spatial resolution due to 
.heir structured columnar arrangement. Such scintillators have been successfclly 
? ,5 used with flat panel systems using amorphous silicon for mammography, 
t radiography and fluoroscopy. Scintillators have also been used with CCD-based 

K imaging devices for mammography. In addition, the spectral emission of CsI:Tl 

S scintillators is in the wavelength range of 400 .o700-nm, which matches well 

S .ithtttepeakabsorptionrangeofftesilieonphotosites. The scintillator destgn 

20 parameters include quantum efficiency and scintillation yield. The fiberoptic 
design parameters include optical coupling efficiency and optimization of the 
fiberoptic length. The system parameters addressed in preferred embodiment 
include CCD read noise, sensitivity, dynamic range, and spatial resolution 
characteristics. Techniques for seamless tiling of the CCDs and extending the 
25 field of view for larger coverage are also addressed in preferred embodiments In 
a preferred embodiment, a polyenergetic 80-kVp x-ray beam filtered by 2-mm 
aluminum (Al) and transmitting .hrough 20-cm of .issue from a 17° tungsten 
(W) target is used for the analysis of the parameters. This x-ray spectrum ts 
plotted and illustrated in Figure 14 and is referred to as q(E) hereinafter. The 
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firs, half-value layer otitis beam is 6.75-mm Al. The photon fluence per 1-uR 
of exposure U) for this beam ca.c»la.ed from .he definition of Roentgen is 
2 64 x photons / (mm'.uR) where X represent exposure in units of uR The 
incident spectrum ,(E) can be represented as a normalized spectrum q„™(E) as 

is expressed by 

m another preferred embodiment, a monoenergetic x-ray beam with an 
energy of 60-keV is used for factors that do not have a direct impact on the 
performance of preferred embodiments the system such as the opt— of 
Lroptic plate thickness, to provide adequate shielding to the CCD from duec. 

x-ray photon interaction. 

The quantum efficiency (n) calculations for various scintillator 
thicknesses, ranging from between approximately 300 to 525-.m thick, are 
performed as per equation 2 using energy-dependent attenuation coeffic.en. 
van.es. A packing density of 90% is assumed for these calculations based 
.ported values for cesium iodide converters used in image intensify For the 
300, 375, 450 and 525 „m .hick CshTl scintillators the resultant surface dens.ty 
( n \ were 122, 152, 183 and 213 mg/cnr 2 , respectively. 

(2) 

, ^ ( £ ,„,H-e-"-" , " 
0 where, n(E, p, ) is the quantum efficiency, ME) is the 

energy-dependent mass attenuation coefficient and p, is the surface density of 
me scintillator. The quantum efficiency for each thickness of the scintillator, for 
the 80-kVp x-ray spectrum is obtained as: 

ri%0krp,p,) = WE>P.)l~™ W dE 
25 Hollmeasured.hescintilla.io»yieldofCsI:T 1 scintil.a.ors.obe52,000 

optical quanta per absorbed 1 MeV x-ray photon. Recently, scintillation yield of 
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up ,o 64,000 optica, quanta per absorb . MeV x-,ay photon has been reporter 

between the two measurements of 58,000 optica, quanta per absorbed IMeV 

.,„„*«, 1 keV x-ray photon) corresponding 
x-ray photon (58 optical quanta per absorbed 1-keVx ray p 

t0 conversion energy of 17.24 eV is used in a preferred embod.men, The 
number ofvisible photons emitted ,Y,(E)) per absorbed x-ray photon for 
various x-ray photon energies is calculated as: ^ 
Y t (E)'SSxE^r, m forE<E t and 

( E,KA (4b) 

y,(£)=58x E * n m A\ — -r)f<" E ' £ « 

,„e K-fluorescen, x-rays escape fraction and ^ is the escape probab.hty for the 
generated optical quanta ,0 be emitted in the direction of the CCD. ***** 

used in image intensify and found it to be constant above the K-edge. A 
rnathematical mode, was developed by Dance and Day, which also reported 
simi ,ar findings. Lubinsky has deve,oped an analytical mode, for the depth 
dependentescapeprobabiHtyofgeneratedopttcaUuan.. Thedepfh dependent 
escape probability (,») i. modeled with the assumption that the scm.,lla« 
, substrate has no reflective coating. F or the 80-kVp x-ray spectrum spectW 
rfer, the absolute scintillation yie.d per V (V) as a function of mcdent 
exposure, is ca,cu,a,ed as per equation 5 for each scintillator thickness. 

Y = x .^.\YXE)ri(E,P,)^( E ) iE 
where, X is exposure in u R * is photon fluence in units of pho,ons,(mm>.uR), 
25 W(E) is normalized incident 80-kVp x-ray spectrum, and „(E,p s ) is the 
energy-dependent quantum efficiency of the scintillator. 
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-T^^^-Tr^J,,^ Prefer^ 
c m bodime»<salsoaddres S ,heeffec.o 

coupling between the scintillator and the CCD * ^ 0 ptics, which is the 

Saction of light captured - <— 1 - * 8 *" ' 
0 source can be given as (6) 

„ =„>.sin'0,-e"'M 1 - J " ) ' ,r ' 

• , tin, efficiency of the fiberoptic plate, n.s the 

refractive index of the matenal before the t y*. is 

^ft-ft.-^^^^J^ft.fib-. 

ui s,he,ossa, ft esurfaced»et^. fc 

""^.W les associated with Fresnel reflections M can be 
20 is approximately 0.8. U*ses mliM me dium with matching index 

ofrefractio. The fiber optic coup,, « ^ 
25 rc::Sr-ace,,hee„ tt anee,g,ee,,i S sue hta ,, 



sin0, <■ 



" ; c tv,P index of refraction of the 

• the index of refraction of the core, n 3 is the index 
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■a » nreferred embodiment of the system 
such as Type 47 A, as supphed <» „. „ 12*m and 

10-nm, respectively. Also.m 

,.5, respectively. ftheDreS ent invention address the optimization 

Preferred embodiments of the present ^ 

dire c,x.rayphotonhi«s. it is important to 

liable fiberoptic plates are consider- ^ ^ 

15 incident x-raybeam. ^^^'^^^^^tion of me fiberoptic 
targth in a preferred embodtment. In ^ ^ ^ ^ 

20 system developed for spo cornp^ . ^ ^ ^ ^ for 

simplicity, a monoenergettc x-ray beam ^ 
optimization. Also, the scintillator thtcKnes * ^ 
nLberofx-raypbo.ons.ncidenton.e^CCD- ^ 

e^pRcanbetheoreticallycomputedas: 
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V = A pix F f -r) F0 -ri C cD x * 

■ , • m «, 2 F, is the pixel fill factor, r, F o is the fiber 
where, A pix is the area of a pixel in mm ,F f istheP ^ 

optic coupling efficiency, ncco is the CCD quantum efficacy 

. • .-n..™- _t is the photon fluence in units 
wavelength of emission from the scintillator, ^ .H P 

„ 2 «1Y (El is the amount of optical quanta emitted per 
0 fp»o,ons,(mm ^^^^^^^^ 
absorhed x-ray photon ,n the direct, ^ 
efficiency of the scintillator and aJB) «- ■ md 
spectrum. The scintillator substrate ,s assumed to have no 

The total noise (0"r) associated with a CCD has 
fflumination with visible radiation can been stated as: ^ 

w ■ °r » OT . ; c the shot noise 

ffi _ • „ ;c the Quantization noise, os is me snoi i 

, „ ic the CCD noise, oadc is tne quoin 
Q where, occd is tne The CCD noise 

^ ic nil other electronic noise, me ^ 
L of the generated electrons, and o e is all otner 

15 (gccd) can been stated as: ^ 

at noise aa is the dark charge per unit time t per unit area 
. where,o r ,isthereadoutno^s ^^^^ 

and Acco is the pixel area of the CCD. 

2 uina in 625 000 electrons/sec per mm . For a preterre 
pA/cm 2 , resulting in 625,0UU tpm ooerating a t a frame rate of 30 fps, 

20 embodiment of the present invention system operating 

The quantization noise (oadc) is comp 

♦ r.f the analoe-to-digital converter (ADC), resulting 
quantization steps of the analog io » 

than amorphous silicon (a.Si) baseo na v 
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Served w it n a:Si based dehors are pnnvaruy *ue .o .ne ^ — 

• « r^rm is limited by the noise of the on-cmp 

the square root of the banawiui , 
,0 unHmitedryifwhitenoiseweretheomycomponentpresen,. Thereareho 

s^e is taken where the reference leveHs damped » ground pot—), 
output read noise (o r ) is given by 

„ r . 10 ~.JI|L.(c. + o (n) 

^e.o.isfcejl— 

,m v the Boltzman's constant (1 .38 x iu 
MOSFET expressed in Siemens (S),k is the tJouzm 

20 MOWtiep g at e-to-source capacitance 

W s/K), C u is the output capacitance in pF, Cgs is g 

' . .nfixlO- 19 ) T is the temperature expressed in 

in pF,q c is the electron charge (1.6x10 ), ,o ftfW 1( y 

, ♦ cmnletime Atransconductance(g m )of300xl0 
Kelvin (K),t is the clamp-to-sample time. Air* 

, time of 0 04-us were assumed. The channel width 
6 S and clamp-to-sample time of 0.04 ^s we 

^ ,,,„„* A =10-um) are used to compute the gate-to-source 
rw=120-um) and length (L-iu urn; cue 

^ (r \ Hpfmedbv the model as: 
capacitance (C*) and output capacitance (C u ) defined by 

C (pF^d^xlO-^L + S^lxlO- 4 ) 

LgsKP 1 V (13) 

c^fH.ois + s.qixio- 4 -W ■ 
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The shot noise, assumed to be Poisson distributed, is the resu.. of 
statist fluctuations in the measured signa,. Hence, the shot noise (*) can be 

stated as: 

a„ = -J Signal 

„ is a combination of severa. noise sources such as, trapping-state novse, 

reset noise and charge-transfer noise. Trapping-state noise is due to the 
uncertaintvintheo.uanti^fcharge.due.orrappingandsiowre.easeofch^ 

either by surface or bu,k state, Buried-channe. operation prevents such 
from the surface states and material enntro, during fabrication can reduce the 
0 bul^pping-statedensi^tonegltgibleleveis. Reset noise is due to the 

LenZinvoi.ge.owhich.eontputnode.sresetafteraehargepac.etrs 

^ Thisnoisecanberemovedver.effectivelyusingcorreia.eddouble 
sa mp,in g method, The charge-transfer noise is due to the finite inefficiency r 
LLge transfer process. T.e high charge transfer efficiency that — 
15 beingachievedbymodemCCDsmakesthissourceofnoisereiamey 

unimportant. Hence for this anaiysis, o t has been assumed to be neghgtbie. 

Preferred embodiments of the present invention address dynarmc range. 
Yaff e and Rowiands, have provided an aUemate definition of the dynamic range, 
which drey refer to as 'effective dynamic range' (DM and is defined as: 



20 DR a = 



k X < 15 > 

^2 max 



25 



where, ki is the factor by which minimum signa, must exceed the noise for 
rehabie detection, X m is the x-ray fluence providing the maximum s.gna, ft* 

i , arl<iv . jc the fluence that provides a signal 
the detector can accommodate and Xncse is tnenuei v 

(SNR) improves due to integration over muhiple pixei, For simphcrty and as 
the most conservative case, h has been assumed as unity. The CCD 
preferred embodiment is designed ,0 have a summing wei, capacity and hence 
aturation iimi, of , x eiectrons. Assuming k, to be 5 based on the work of 
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Rosethesystemofapreferredembodtaemiscapableofprovidings^a. 
response in the range of 5xo T .o 1 x Selections. The corresponding exposure 
levels (X) can be calculated from the sensitivity (0 of the system as 

A ,_sg«' (16) 

PrefeJd embodiment of me present invention address spatial resolution 
characteristics. The columnar arrangement of Cs,:T, scintillators restrict spafa! 
spreadingand hence, improves spatial resolution characteristics. Charactensttcs 
of these scintillators a. mammogrcphic energies have been reported. In order to 
study the impact of thickness of the scintillator on the spatial resolution 
10 characteristics, presamplmg modulation transfer function (MTF) measurements 
are performed for four different thickness of CsI:Tl. A 1 x 1-mch, 
back-illuminated CCD operating a, a pixel pitch of 96-um is us*d. The 
thickness of scintillator ranges between 300 to 525-um, in steps of 75-um. 
ThepresamplingMTFismeasuredusingtheslanted-slittechnique. The 

15 experimental procedure for these measurements has been described 

Specially, an image of a 10-mm long, 10-um wide (± .-um) slit is acquired. 
An 80-kVp x-ray beam with a half-value layer (HVL) of 6.8-mm Al is used for 
these measurements. The image is corrected for minor variations in sht width. 
The finely sampled line spread function (LSF) is obtained based on the 
20 angulation of the slit. The Fourier transform of the finely sampled LSF ,s 

performed and then deconvolved for the finite dimension of the sli. ,0 obtain the 
presampling MTF. The scintillator MTF can be determined by dividing the 
measured pre-sampling MTF by the sine of the pixel aperture. 

Seamless tiling of the CCDs can be achieved using techniques, which are 
25 currently used for defect correction in CCDs. Specifically, by treating the seams 
^ defective cotamns, corrections can be performed based on linear in.etpo,a„on 
from surrounding pixels. Since the seam of the proposed tiled system is 
expected to be approximately 40-um, which corresponds well with the 

mndamental pixel size, i, is easy to correct for this seam. An artificial column ,s 
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columns In order ,o verify the effectiveness of sueh a method, two 6 x 6- m 
columns, ni between the two 

CCDs operating at a pixel pitch of 30-pm were fled. The seam be W 

CCDs is approximately 30-um. , , mv „. 

The preferred embodiment of the system provides an extended FOV of 
«, ,6-cma.theimagep.ane. For applications requiring a larger FOV, 
additional CCDs can be tiled. As each of the CCD-modu.es are « 
Dutiable, extending the FOV in either of the two directions can be easily 
accomplished by tiling additional module, For example, a 16 x 24-cm 
canbe achieved by tiling 2 x 3 modules. However, extending the FOV inborn 
sections requires considerable adaptation, as the readout pins of the central 

this issue, the heigh, of the fiberoptic plate for the inaccessible CCD(s) hav^ 
been increased to provide sufficient clearance, such tha, the readout pins „ 
accessible. This staggered fiberoptic arrangement can be achieved in severa. 

^ Tbequantumefficiencyofmescintillatorasafcncnonofincident 
photon energy is computed for various thicknesses as per equation 2 and is 
Lwn in Figure .6. For the 80-kVp x-ray spectrum, the quantum effic ency of 
, various thicknesses of the scintillator is computed as per equation 3 and ,s 



tabulated in Table 1 



Scintillator Thickng ss(um^ 



300 



375 



450 



525 



Quantum Efficiency 



0.701 



0.768 



_0.818_ 
0.856 



Table 1 



25 



The number of optica, quanta emitted per unit area by the scintillator as a 
function of the energy of incident exposure for the 80-kVp spectrum is 
calculated as per equation 5. Figure ,7 shows the plo, of the number of optical 
quanta emitted per unit area as a function of incident exposure for the four 
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micknessesofCsr.T, scin.iUa.or, Whi.eincreas.ng.he.hicb.ess of . he CsI:Tl 

scM.ta.or improves tire quantum efficiency, fine ligh. outpu, decreases due .o 

self-attenuation of me generated optical quanta. 

Based on the diameter of the fiber core and dad, the fill factor of the 

fi bercore(F t )was calculated .obe0.«9. Also, .he numerical aperture was 
Elated as 0.994. Hence, the fiberoptic coupling efficiency (, ro ) co.npu.ed as 
per equation 6, w.ti, .he assumption ma, .he fiber core emission effic.ency ,s 
„S was found ,o be 0.55. While me optica, characteristics of .he fiberoptic 
p,ate are important in ensuring good optical coupling, the thickness of the 
fiberopticplateisoptimizedbasedonmeirattenuationcharactensncs. The 

number of x-ray photons incident on the entire CCD for various fiberoptic plate 
(Type 47A) thicknesses is calculated as a function of time and is shown m 
Figure 18. This calculation was based on an exposure rate of 2-,R/frame, 30 
fps 30 minutes of fluoroscopic usage each hour, ,0 hours of usage per day and 
300 days of usage per year. Hence, a fiberoptic plate mickness of 2.5-cm 
(approximately 1-inch) provides reasonably adequate protection to .he CCD 
from direc.x-raypho.on interactions. Inanottrer preferred embodiment, a tinn 
depletion layer CCD that does not absorb x-rays may be used which elunma.es 

the use of a fiberoptic plate. 

Thesignal(elec tt ons)perunitareafor.hefourthicknessofCsI:Tl 

seintillator are illustrated in F.gures 19A-19D and calculated as a function of the 
incident exposure forme 80-kVp spectrum. The meoretically calculated 
sensitivity as per equation « of .he CCD-based system for .he four scinhllator 
.hicknesses and me three pixel pitch modes are calculated and tabulated .n Table 
5 2 The figures 19A-19D and Table 2 show decreased signal in.ens,.y and 
sensitivuy, respectively, wi.h increasing scintillator urickness due .0 self- 
attenuation of the generated optical ,ua„«a. The variation in the mickness of 
scinti.la.ors is illustrated wi,h a .hickness range of 300-525 um. A .tanner 
scin.illa.or reduces reabsorption of .he optica. ,uan.a however a. the cos. of 
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i. ^fflciencv For a preferred cardiovascular application 

decreased x-ray absorption etticiency. ror * p 

the scintillator thickness ranges between 300-600 tun. 



10 



15 



Scintillator Thickness (\im) 
300 

375 

450 



525 



Pixel Pitch I 
78 
156 
234 
78 
156 
2_34 
78 
156 
234 
78 



5) 



156 
234 



Srmiti" ; *Y [fcleetrons/pixelVtiR] 
191 
762 
1715 
185 
740 
1664 
169 
677 
1524 



146 
586 
1318 



Table 2 



The CCD noise and the total noise are calculated as per equations 9-14, 

• j <"7S and 234-um, as a function of the incident 
for the 3-pixel pitch modes of 78, 150 ana tyt uin, 

exposure Plots of these noise sources for an imager operating at 30 fps are 
shown in Figures 20A-20D. The total noise increases with increasing exposure 
due ,o the increase in shot noise. The signal-to-noise ratio is calculated from the 
signal shown in Figures 19A-19D and the total noise inclusive of shot noise is 
shown in Figures 20A-20D. The SNR computed for die 3-pixel pitch modes of 
78 ,56 and 234 um as a function of incident exposure for die four thicknesses 
of CsITl scintillator is shown in Figures 21 A-21C. The dynamic range of the 



preferred embodiment is 



calculated based on equations 15 and 16. Theresultsof 
this calculation for the four thicknesses of C*T1 seintiUator and the three pixel 
pitch modes are shown in Table 3. 
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Scintillator Thickness 




Table 3 



t3 
CO 



The spatial resolution characteristics of various thickness of Csl was 
quantified through the presampling MTF, using a ,k x Ik back-illuminated CCD 
5 operatmgatapixe.pitchofo^ur. The presampling MTF for these scintillator 
thicknesses are shown in Figure 22. An 80-kV P x-ray beam is used for these 
measurements. Plots of the sine of the pixel pitch (96 urn) of the laboratory 
CCD and one of the pixel pitch modes (156-um) of a preferred embodiment are 
afco inciuded in the Figure 22. The pre-samp.ing MTF of the preferred 
,0 embodiment can be determined by dividing the measured pre-samphng MTF by 
the sine of the pixel pitch of the laboratory CCD and then multiplying by the 
si „c of the selected pixel pitch mode of a preferred embodiment. The scmtil iator 
thickness of 450 urn is preferred and represents a compromise between radiation 
dose and resolution wherein a lower dose is preferred. 
, 5 in order to study the effectiveness of correction algorithm deve.oped for 

,he seam-less tiling method described hereinbefore, two 6 x 6-cm CCDs, 
employing a MinR-2000™ scintillator supplied by Eastman Kodak Company, 
Rochester, NY developed for mammographie applications were tiled. An image 
of a spoke-whee, phantom was acquired and the image prior to implementing the 
20 correction algorithm is illustrated in Figure 23A. The correction algorithm for 
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seam-less tiling was implemented and the corrected image is illustrated in Figure 

23B ' Preferred embodiments of the present invention uses a "voice activated" 
m echanism to controi various operational features of the imager such as, hu, no. 
5 hmi.ed to, binning, frame rate, zoom, positioning, and reset. This feature 
provides the unique ability to use one's voice to controi the imager thereby 
obviating the need for manuaiiy (usmg hand) setting different controis dunng a 
medica. procedure. A preferred embodiment using the voice activated system » 
described ,n Figure 24. A "voice matching" devtce aliows an authorized user to 
10 tog 802 into the system. The "input signal" (voice command) ,s then 
conditioned to remove noise 800, encoded 798 and transmitted 796 usmg 
radiofreouency (RF) or other means to a receiver linked or placed withm the 
camera system/CCD imager unit. The received signal is then decoded 790 

B3 A n,» "voice command" is then executed by the 

K conditioned 788, and processed. The voice comma 

,5 CCD imager. A timing mechanism 784 is provided which turns off the x-ray 
source after a predetermined time in case the operator fails to do so. This acts as 
a safety mechanism that prevents unwanted x-ray exposure to the patient. 

Figure 25A illustrates in schematic form a method tha, can be used ,n 
performing fluoroscopic imaging in accordance with the various embodiments of 
20 thepresen, invention. Note that one can use either a stationary source and 

detector to project radiation 830, or a scanning source and detector assembly to 
scan the object being examined. Alternatively, the patient support table can be 
moved or translated relative to the x-ray source detector assembly to scan the 
object being examined such as hacking the movement of contrast media through 
25 blood vessels. Both stationary and canning embodiments utilrze a CCD 
detector tha. transfers the detected information to a memory 840. The 
information can be binned or processed 842 .o accomp.ish various tasks. Tins 
processing can include ,he application of software modules «o correc. for non- 
uniformities in the source or collection components. 
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After each set of data is produced in both the stationary and seaming 
tne objec, under study .0 produee three dimensions, images or two dtmenstona, 



images at different angles. 

Figure 25B Hlustrates a flow chart of a method used in performmg 
fluoroscopic imaging 850 in accordance with a preferred embodiment of the 
preS en, h— The method 850 begins with the step 852 of projectin 
Liationfromasourcethroughanobjee, Pre-exposing 854 of theobjecUs 

S regi o„s of interest. This step indudes detecting radiation transmttu* thr gh 

I rheobject. Thememod.heninctadesutestepS^ofexamining.ndeat the 

S identified regions of interest by detecting radiation transmitted through the 

S 15 object. ThemethodmenindudesthestepSSSofstoringthedetected 
L information in a memory. Tne step 860 then indudes processing the stored 

" the step 864 ofproviding information regarding the object. 

Figure 26A is a schematic diagram of another embodiment of an x-ray 
fluoroscopic apparatus 863 in accordance with the present invention, in thts 

m«oop,ica 1 ener g ,Onceag,n,hex-raytube882direc,sx.rays884^ 
the patien, tabie 885 and the patient. The x-rays 887 emanating from the pa,** 

ft. detectors. The x-rays then strite a first amorphous siiicon or other mdrrect 
W e image sensors such as CCDs or CMOS 894 which detects 

,ow energy sensor 894 can be thinner than the high energy sensor 896 ,o reduce 
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ta fittering retirements of t Ke system. A* —5 an be t^ 
,han so— 877 to improve collection efficiency of the system. H.gh energy 
x . rays pass through the firs, sensor 894 and then through a copper, tungsten, 
gadohnium or a— x-ray filter 898 which fitters out low energy x-ray. 
The subsume of to fits, (tow energy, detector consists typtcaUy of a « 
^ass, which aiso acts as a x-ray fitter. The high-energy x-rays then smke ft. 
Lnd antorphous siiicon image sensor 896 which generates the data or the 
high energy x-ray pattern. The low-energy x-ray pattern data and the htgh 
enlgy x-ray pattern data are read ou, of the antorphous sihcoh image sensors 
JL 896, respective* by a detector con.ro.ler 902. AUemateiy, either or 

of these detectors could be of the direct detection type which do not use a 
scintiUator such as, but no, Hunted to, amorphous selenium, cadnuum z,nc 
telluride, lead iodide or mercuric iodide. 

Figure 26B is an alternate preferred embodiment of the x-ray 
5 fluoroscopic imaging apparatus according to the present invention. The x-ray 
source 904 directs x-ray, through a fitter 906, through the patient support 
stro «ure such as a table 908 „* the patient 910. The stacked imaging detector 
configuration 91 1 includes two scintillators 912, and two image sensors havmg 
thira ,ed S ubs tt ate9,6,920andapixel,a,edsmtc t ure9U,9,8. Thehnage 
,0 sensors may be an amorphous silicon or other indirect type image sensors such 
' CCDs or CMOS. The dual image sensor configuration detects the x-rays that 
may penetrate the firs, scintillator and image sensor ,14, 916. m an alternate 
' embodiment a stacked imagtng detector configuration includes amorphous 
selenium image sensor, or other direc. .ype image sensors descnbed 

75 hereinbefore. f 
Figure 26C schematically illustra.es yet another preferred embodiment of 
a multi-image sensor conftguranon. The x-rays that pass through the patient 910 
are detected by .he image de.ec.or stack configurauon whtch includes «wo .mage 
sensors and sharing a common scin.i,,a,or. The scintillator 926 is disposed 
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due .0 the increased .hickness of .he 0e.ee.ors provdes an 

■ Thp stacked detector configuration 

imaging apparatus of the present mvention. The s.acked 
pr „v,des for mu,.i-resolution detection as ft. two de.ec.ors have varyrng s.zes 
Lpixe.ia.eds.ruoh.re 934 and 940. The dual de.ec,or conftguration can 

.hcsignaia.dprovidefeedbacktod.eradia.ioncon.ro.sys.em. ln.he 
a ,.ema.ive, as discussed hereinahove, .he dua, detector conftguration can 

Prod Tgu™s26E, 26F and26G ~ — caiiy alternative preferred 
l5 embodimen.sofnrul.i-de.ec.orirnaginguni.sof.hepresen.inven.ion. The 

he image sensor v„ wid, the multiple scintillators 962, 964 hemg drsposed 

954 956 heing disposed between the tivo scin.iUa.ors 952, 958 as t,lus tt ated ,n 
M Figure 26F. Though a single pixel structure is used for simphcity and 

io« up ,.«»d in oreferred embodiments ot 
illustration, multi-pixel structures may also be used m prete 

the present invention. 

Figure 27 tilus.ra.es a preferred em— of the itnagtng elemenfc ,n 

25 plura ,i,yofse,sofCCDs. l*^^^"**^ 
cine, and are substantiaily seamless wi.h less .han a 5-10 m.cron d,fference 
between the region of the body and the joined images 

The sensing surface does no. have .o be on a plane. The CCDs 972 can 
be arranged on a curving or non-p.anar surface. This is a preferred em— 
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because U provides for ,he use of straight („on-.aperi„g) f.ber-optic couplers or 
plates 970 which dramatically reduces the cos. aud contributes ,0 better .mage 
quality Note that the CCDs can be cooled or non-cooled and can be operated « 
a pixel binned or non-binned mode. Additionally, an anti-scatter gnd can be 
5 usedbetween.hetissueandthedetec.ors. Each element 972 in tire array rs 
generally equidistant from the x-ray source in order to reduce distortion across 
the entire field of view of the array. This arced linear array can be used for many 
different applications as described elsewhere herein. 

This approach is preferable as current manufacturers can readily make 
,0 CCDs which are buttable on two sides. It remains difficult and expensive to 
make CCDs buttable on three or four sides. In the illustrated embodiment there 
are only six joints required between the CCDs. 

Cascaded linear systems based modeling techniques have been used to 
predict imaging performance of systems developed for x-ray imaging. Such 
15 models have been used to investigate key objective parameters of image quahty 
such as the Wiener spectrum or noise power spectrum (NPS), noise equivalent 
quanta (NEQ) and detective quantum efficiency (DQE). 

The imaging chain is represented as a serial cascade of amplifying and 
scattering mechanisms. In order to apply such a model to describe the image 
20 formation process, the preferred embodiments of the system have to be hnear 
and shift invariant. Since, CCD-based imaging systems demonstrate a hnear 
dependence with incident exposure over much of their dynamic range, the 
assumption of linearity can be supported. This assumption breaks down a, tagh 
exposure levels such that the CCD saturates as well as at very low exposure 
25 levels where the electronic noise is a dominant factor. The assumption of stuft- 
invariance is valid only up to the point that the image is sampled; hence much of 
the discussion is restricted to the presampling signal and noise. Further, the 
assumption mat the system is spatially and temporally stationary has to be made 
,„ facilitate representation of image noise in terms of the Wiener spectrum 
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(HPS) White such an assumption is no. truly valid in .he spatial doma,n, as 
pixel and s c.n,iUa.ornonun 1 fon 11 i«esexis,,heprocessofbac kff ound 

nb.rac.ion and flat-field coition does allow for such an assumption a. lease 

md s ,„w release of signal to subsequen. femes also limi.s ,»e vahd,.y of such 
assump.ionin.he .e mP o ra , domain. Hence,hedesc ri p.iono im a g eno.«.n 

terms of the spatio-tempora, NPS, which incorporates .he image lag rs needed 
Cunningham e, a, have shown experiment* and .heoreticaHy mat .he spatial 
eomponen.of.hespa.io-.emporaiDQEofasvstemoperatinsinUte fluoroscopy 

mode is .he same as .he conven,iona> DQE of the same system operating m 
^graphic mode under quantum-noise .imi.ed conditions. The mode, m 
accordance with the preferred embodiment makes use of this fmdmg so that a 
singl e frame of the fluoroscopic mode is considered as essentia.* a ra*ograph,c 
mod e of operation with an exposure level corresponding to that typically used m 
fluoroscopy. I. has also been assumed .ha. .he system is ergodic and hence 



15 

stationary 



stationary. 

The preferred embodiment analyzes key parameters of output ,mage 
ouality of a high-resolution CCD-based imager designed for fluoroscopy. As 
described hereinbefore, the preferred embodiment uses four 8 x 8-cm three-s.de 
20 bu..ab,e CCDs tiled to achieve a fle.d of view (FOV) of!6 x ,6-cm at the unage 
plane. Larger FOVs can be achieved by tiling more CCDs in a similar manner. 
The system emp.oys a CsI:T, scintillator coupled to the CCDs by strargh, (non- 
taperin^fiberopticsandcanbeoperatedinTS, ,56or234-umpixelp,.ch 

modes. 

2i The preferred embodiment system is considered a senal cascade of 

discrete stages, which can be represented by one of the following processes: 
^gain.stochasticblurringordeterministicbiurnng. Aquantumgan, 
stag e affects the mean number of .mage quanta and the blurring stage affects the 
S pL distribution of ,ma g e quanta. The signal and noise transfer characteristics 
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from the input to the output of each process is distinct, For any gtven s te ge , 
im a g e< 1 uantadistribu«ionof«heou V u,si 91 alisrepresen,eda Sq ,(x,y).nthe 

a W,(u v) in its orthogona, spatial frequency coordinates of («,,. Based on he 
5 ^o^abbani.ShawandVanMet.er.foraquan.u.ngains.age 'fwherethe 
input signal is represented as q,, and the output signai is represented as * the 
signal transfer from the input to the output can be stated as: 

Irl^stheaveragequanhHngainofthatstage. The NPS transfer 
10 from the input to the output is expressed as: 

Wl (u,^W,^)^^< +W -" X "' v) <18) 
where, ^ represents the average inpu. signai, *\, represents the variance in the 
quantum gain of that stage and W- , (», ») represents any additive noise imparted by 
that stage. Quantum gain stages can be c.assified into stages where mere is a ,oss in 
15 image quanta such as attenuation of the incident radiation by the senator, setf- 

absorptton of the semtiiiations within the scintiUator medium »d fiberoptic coupling, 
md quantum amplification stages such as generation of opttcai quanta in the scintillator. 
Further, some gain stages c» be described by a xnown probability distribution such as 
Poisson, binomia, or deterministic, where the relationship between the average gain g , 
20 andthegain-variance < can be expressed analytically. The gain variance can also be 

. o nr in terms of the Swank factor I for 
expressed in terms of the Poisson excess, e gi , or in terms 

Poisson distribution, as shown below: 
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< , (19) 

. (20) 

For a spastic b.urring stage i. such as «he redistribution of image mtanta in a 

^.^.«^P^^^ ( ^" fB,e-- " , * ,,,),,,d 

f wtinnrMTF) represented as Ti(u,v), the signal 
5 the corresponding modulation transfer function (MTF) rep 

? transfer can be written as: 

| qi {x t y) = q M (x,y)".Pfc>y> 

stochastic blurring stage can be expressed as: 



to 



ly 



10 r ( (u,v)-k.,(».v)-?,-,]'; 2 («.v)+fc (22) 

The above eouation indicates that for a stochastic Hurting stage, the uncorded 
component, J~ , is unaffected, and the corrected component, k>,v)- ,,,] is 
^uiatedhythe.uareoftheMTF, tfM- For a deterministic h.urring state such 
as integration over me pixe, aperture, with a MW represented as T,(u,v>, the si^a, 
1 5 transfer is written as: 

(23) 

The noise transfer for a deterministic blurring stage is expressed as: 

/ \ (2 4 ) 
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Tfce system is modeled by dividing .he paging chain into the fo..ow,„ g 
element^ stages: incident image ouanta; attenuation of x-rays by the CsI:T. 
scintillator; generation and emission of optica, onanta by the CstT, scintillator; 
stochastic Hurting by the Cs,Ti scintillator; coup.ing of the optica, ouanta by straight 
( „o,taperin g > fiberoptics; absorption of optica, q uanta by the CCD; detenninistic 
blurring by the pixe, presamplingMTT and effect of pixe, m factor; and additive 



noise. 



T* ntode, in accordance with a preferred embodiment of the present invention 
encompasses elementary stages up to the aliasing stage, thus providing the presamphng 
,0 s,gna,a„d,hepresamp,ingNPS. Whi.e, mo, ofthe objective parameter of image 
q „a,i.y can be addressed adecuately by the pressing signal and the presamphng 
NPS, in reality, DQE measurements performed on digita, tmaging systems are based on 
the presamphng signa, (MTF) and the ahased NPS. lb. effects of noise aliasing is of 
particular importance to a preferred embodiment imager as the system can be operated 
15 in any of the three pixel p.tch modes and hence, their impact on the aliased NPS are 
messed. Modeling of system performance is performed for the three pixel pitch 
nrodes of 78, 156 and 234-um and for four Cs.:Tl scintillator thicknesses of 300, 375, 
450 and 525-nm. 

Tta system is modeled using a polyenergetic 80-kVp x-ray beam filtered by 2- 
2 „ mm a— (Al) and transmitting through 20-cm of tissue from a ,7" tungsten (W) 
.arget, with a frs. half-value ,ayer (HVL) of 6.75-mm of A,. „ is convenient to 
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. ■ ^ . n rp\ as a normalized spectrum qnonn(E) and expressed 

represent the incident spectrum q 0 (b), as a normalize P 



as: 



, rt *w <25) 

A plot of , his normal spectrum is show, in Figure 28. The photon fluence per uR 
5 of exposure (J) for this beam was calculated based on the definition of Roentgen 

provided by Johns and Cunningham and the technique described by Siewerdsen e. al. 

m the first stage the x-rays are attenuated by the scintillator. The quantum 
efficiency g,(E) were calculated for various scintillator thicknesses, ranging from 300 to 
525-um thick in steps of 75-um, as per equation 26, using energy-dependent mass 
10 attenuation coefficient values. 

gl (E)=n(E, P ,)=^-' M " (26> 

where, M E) is the energy-dependent mass attenuation coefficient and p. is the surface 
density of the sctatillator. A packing density of 90% is assumed for these calculations 
based on reported values for cesium iodide converters used in image intensifies For 
,5 the 300, 375, 450 and 525-um thick CsI:T. scintillators the resultant surface density 

(p,) are 122, 152, 183 and 213 mgW respectively. The average quantum gain g,. for 
each thickness of the scintillator, for the 80-kVp x-ray spectrum is obtained as: 

80 

_ \gte)-4-A E r dE (27) 



Si 80 



£=0 
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By considering the x-ray attenuation stage as a binomial process, .he signai and ,he NPS 
after simplification a. the output of stage one are written as shown in equations 28 and 
29, respectively. 

(28) 

q x = <lo ■ S\ 

(29) 

5 Wi(K,v)=g 0 'Si 

In the second state the scintillator generates and emits optical quanta. This stage 

is considered as a quantum gain stage with an average gain ^ , and is comprised of two 

I sub-stages: a quantum gain stage with an average gain J~ . describing the generation 

| of optical quanta per x-ray interaction, and a quantum gain (loss) stage with an average 

l 10 gain i:,descnbin g theprobability(escapeprobab 1 ^^^ 

exiting the surface of the scintillator in contact with the fiberoptic coupling. Hence, the 

average quantum gain of this stage can be written as: 

(30) 

CsI:Tl scintillators have been measured to yield 52,000 optical quanta per 
15 absorbed 1-MeV x-ray and more recently, yield of up to 64,000 optical quanta per 
absorbed 1-MeV x-ray photon has been reported. Hence, a mean value of 58,000 
optical quanta per absorbed 1-MeV x-ray photon (58 optical quanta per absorbed 1-keV 
x-ray photon), corresponding to conversion energy of 1 7 .24 eV, is used. It is assumed 
that for x-ray photon energies below the K-edge of the CsI:Tl scintillator (approximated 
20 to 34-keV) all of the absorbed energy results in the generation of the optical quanta, and 
that for x-ray photon energies above the K-edge a fraction of the energy is lost as K- 



fas? 
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fluorescence. The K-escape fraction above the K-edge is obtained by the average of the 
measured values reported by Rowlands and Taylor. The number of optical quanta 
generated [g 2g (e)\ per absorbed x-ray photon for various x-ray photon energies is 

calculated as: 

5 g 2g i E ) = 5SxE f orE<E * (31A) 

g2g (E) = 5S*Ex[l-^yrE>-E K 

0 where, E indicates the energy of the incident x-ray photon expressed in keV, E k 

1 indicates the K-edge of the CsLTl scintillator (approximated to 34 keV) and K f is the K- 
1 fluorescent x-rays escape fraction. After generation of the optical quanta a fraction of 
□ 10 the generated optical quanta is reabsorbed (self-attenuated) within the scintillator 

U medium. This is a depth-dependent process indicating as the path length increases the 

probability that the optical quanta would be reabsorbed within the scintillator medium 
\ increases and can be described as a binomial process. The escape probability that the 

generated optical quanta would exit the scintillator surface in contact with the fiberoptic 
15 isdenotedas g 2< . The depth-dependent escape probability gjz), where z represents 
the depth of travel before the optical quanta escapes from the scintillator surface in 
contact with the fiberoptic have been modeled analytically by Lubinsky and estimated 
by Monte Carlo simulation techniques. A similar model is used with the assumption 
that the scintillator substrate has no reflective coating. The optical quanta emitted from 
20 the scintillator is modeled by considering the scintillator to be composed of fractional 
layers of thickness A, , as shown in Figure 29. For a scintillator of thickness t, and an x- 
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. c0 „tac, with the ftberoptic, within > ^ ° f " " ' 

optica, quanta emitted per incident x-ray photon with energy E is computed as: 

^■M'tv-^i--^'^-'^ (32) 

z=0 

5 wh e r e,MB)istheene rgy -depen d entnnea ra — ^ 

L-*.wMl . [l - e-^ (E)( '- z) } indicate the fraction of incident x-ray photons 
terms I? J and i 

within a scintillator layer of thickness 4/ , respectively. 

■ ~~ fnr the x-rav spectrum specified as q n orm(E) is 
The average quantum gam g 2 for the x ray spe 

10 computed as: 



ns — £=o 

g 2 = io 

O 



80 



(33) 



5U 

£=0 

The variance in the quantum gain &) was computed from the Swank factor ® 
' .aexpressedintermsofthePoissonexcess W . The Swank factor for the specifted 

. spe ctrum is determined by averaging the moments of the monoenergetic absorbed 
15 ^gydistributionsoverOtespecifiedspec™. The Poisson excess (s Sl ) is computed 

from the Swank factor (1) as: 

- (\ \ (34) 

The signal and NPS at the output of stage two can be written as: 
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(35) 

, \ (36) 

H' I (»,v)=? 0 g,-« ! l?2 +1 + £ <J 

S.ageteeaddressesanys.ochasticWumngbymeCsCTl scintillator. The 
scintillator blur represented as T lM is determined from the measured presampling 
5 MTF fiflTW for each of*. four Cs,:T, scintiliators (300, 375, 450 and 52 5 -um thick) 
using a 1 x 1-inch back-illuminated laboratory CCD coupled to the scintffiator by a 
straight fiberoptic couple, The laboratory CCD system used has pixel dimensions of 24 
x 24-um and is operated in the 4 x 4 binning mode to provide a pixel pitch of 96 x 96- 
nn, Measurements are performed using a 10-um wide slit oriented a. a light ang.e 
10 (^.omepixelmatrixasperthetechniquedescribedbyFujitaetal. Fromthe 

acquired slit image, the finely sampled line spread mnction (LSF) ts determined; Fourier 
transformed; and deconvolved of the finite dimension of the slit. The resultant 
presampling MTF (MTF pre ) describes the MTF of a preferred embodiment of the system 
inclusive of the pixel presampling MTF. While the pixel presampling MTF canbe 
15 represented as asinc function for imagers with physical separction be^een neighboring 
pixels such as amorphous silicon photodiodcs, such an assumption for the CCD imager 
which has no physical separation between pixels is verified in accordance with a 
referred embodiment of the present invention. Hence, measurements are repeated with 
.he CCD operating in a 24 x 24-mn pixel pitch mode. The scintillator blur a!ong the u- 
20 axis represented as T 3 (u) is calculated as: 
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Since, T,(u> determine 

the scintillator blur T 3 (v) is found to be identical ,o T j( u, for each so—. Hence, 

, i ■ *-iio+nr MTF n\fu vYI for Lanex screen by a 
Siewerdsen et al have approximated the scmttllator MTF,[T)(u,v)J 

Lorentzianfit. However for the CsLT! scintillators, the measured T 3 (u) is best 

0 described by the fit: 

1 1 (38) 
10 wh ere,B,sthe„,pararnete, As an exarop.e, the measured T j( u) for the 525-um „ic k 

C sI :T1 —or and the ft. to measured data „sin g the equation of the form shown m 
equation 38 are p.otted in Figure 30. .. shouid be noted tha, the f, parameter B is 

Further, the fit parameter B is a,so plotted as a funcUon of scintillator thickness (., 

theCs,!, scintillator and is shown inFigure31. The fit parameter, B, is well described 
within the thickness range studied, by the equation: 

(39) 

B = a\n(t) + c 

where, a is approximately 0.1451 and c is approximately -0.6186. 
20 Thus, the signal and NFS at the output of stage three can be written as: 

, x (40) 
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w 10 

rn 



v) = 7. ■ *. ■ ft • I 1 + r >' v > - k + £ " ^ (41) 

Stage four addresses .he coup.ing of optica, quanta by the fiberoptic* coupler. In 
accordance with a preferred embodiment, Hejazi and Trauemich, have provided an 
analysis of the impact of lens and fberop.ic-coup.ing on the performance of CCD-based 
systems. The study afso addresses the effect of taper on fiberop.iccoup.ed systems as 
described hereinbefore. A straight fiberoptic plate (non-tapering) is known to provide 
better optica, coupling between the scinti.la.or and the CCD wi«h minimal ,oss of spatial 
resolution. The average quantum gain of this stage J, , which is .he fraction of light 
capture and emitted by a fiber pressed against a Lambertian source, can be given as, 

£ = sin <>,]'•«--■' ■(!-£.) - F - <42) 
where, the terms - • sin*, and are the numerical aperture and the fiber core 
transmission efficiency, respectively. La and F c denote the loss at the surface due to 
Fresnel reflection, and the fill factor of the fiber core, respectively. The fiber core 
transmission efficiency is approximately 0.8. losses associated with Fresnel reflection 
,5 can be decreased by coating or using an optical coupling medium wi.h ma,c„ing index 

of refraction. The fiberoptic coupling efficiency has been calcula.ed with the 
' assumption .ha. .esses associated with Fresnel reflection contributed .0 a .0% loss of 
ligh. (U - 0.1). For .he fiberoptic plate used in a preferred embodiment Type 47A, 
supplied by Schott Fiberoptics, MA, the numerica. aperture is approximately 1 and ft. 
20 fill factor of me fiber core is approximately 0.7, resu.ting in an average quantum gain 

(ft) °f °' 5 - 
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The signal and the NPS at the output of stage four is written as: 

9>,v)=^-iri^£4 r 3("> v ) 

wM=To-7^^-TA^^{uM^^J (44) 

In accordance with a preferred embodiment, stage five addresses the absorption 
5 of optical quanta by the CCD. This stage is considered as a quantum gain stage 

followingabinomial process. The average quantum gam £) of the CCD is computed 
by weighting the wavelength-dependent quantum efficiency of the CCD [n cc M over 
the emission spectrum [e(a)] of the CsfcTl scintillator as shown below: 



m _ (45 ) 



^nax 



10 Hence, this signal and NPS at the output of stage five is written as: 

q s (u,v)=7o-7i-72T4 -7* -t,M (46) 
wAu,v)=7-7r7-7-7\^7-7-T!(uM7^J < 47 > 

The next stage, stage six in accordance with a preferred embodiment, addresses 
the deterministic blurring by the pixel presampling MTF and the effect of pixel fill 
15 factor The pixel presampling MTF is represented at T 6 (u,v) and expressedas: 

(48) 



r 6 (w,v) = 



si n(;r-a, •M)- simVa > , -v) 
{n-a x -u\n-a y v) 



where, a x and a y represent the dimensions of the pixel that is sensitive to light (active 
dimension) in the x and y directions, respectively. The fill factor of the pixel (F f ), which 
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the ratio of the area of the pixel sensitive 



to light (active area) to the area of the pixel 



pitch is written as: 



(49) 



a pix,x ' a pix,y 

For a preferred embodiment of the CCD architecture, the active dimension along the x 
5 and y directions are not identical, as the interline channel is opaque to light. Hence, the 
pixel presampling MTF along the u and v axes are represented as: 



CO 

EQ 
P 



=15 




10 However, the pixel pitch along both the x and y directions are identical 
L - a = a . ) and hence the fill factor is written as: 



a x' a y 
F = — — ~ 



a 



pa 



(50A) 



(50B) 



(51) 



Thus the extension of the model from symmetric pixel geometry to an asymmetric pixel 
geometry is straight forward. The signal and NFS at the output of stage six is written 



15 as: 



FF 6 (u,v) = i^ 2r Si' Sa- Ss 1 a U 



(52) 



a\, ■ F) ■ T 6 %v)- [l + g 4 • g 5 • 2?(u,v) - + *„ )] ( 53 > 
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The signal and NPS represented in the equations 52 and 53 are the pre-sampling signal 
and the presampling NPS. However, DQE measurements reported in literature for 
digital imaging (sampled) systems are based on the presampling MTF and the aliased 
NPS. The aliased NPS represented as W° 6 («, v) is expressed as: 

5 W 6 °(u, V ) = W 6 {u,v)**I"(»,v) (54) 

where, III(u,v) is the Fourier transform of a rectangular array of 5-functions representing 
the pixel matrix with a spacing of a pi , While most of the analysis addressed in a 
preferred embodiment is based on the presampling NPS; due to the varying pixel pitch 
(78, 156 and 234-um) afforded by the preferred embodiment, the effect of aliasing is 

10 relevant. 

Stage seven in accordance with a preferred embodiment addresses additive noise 
in the system. The total additive noise (a adJ ) associated with a CCD-based system for 
uniform illumination with visible radiation can be written as: 



(55) 



15 where, a reai is the read noise, a iark is the noise due to the dark current, a ADC is the 

quantization noise due to the analog-to-digital converter (ADC), and a e is electronic 

noise from all other sources such as reset noise, trapping-state noise and charge-transfer 

noise as described hereinbefore. 

The read noise (O is modeled and described hereinbefore. The dark noise 

20 (o-^ ) due to dark charge generation can be stated as: 
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where, q d is the dark charge generated per unit time t per unit area and ^ is the pixel 
area of the CCD. The dark current is typically around 25 pA/cm 2 . The integration time 
per frame is 33.3 ms at a frame rate of 30 fps, resulting in a dark of 18, 36 and 53- 
5 electrons per pixel for 78, 1 56 and 234-um pixel pitch, respectively. 

Quantization noise [a ADC ) arising due to the analog-to-digital converters 
(ADCs) depends on the ratio of the maximum charge capacity of the amplifier 
(n ) to the number of bits (n) used by the ADC as shown below : 

Amp, rmx / 

aADC ~v-4n 

10 The maximum ADC noise is observed when the Q Amp ^ equals the maximum 

charge that can be accommodated in the serial (horizontal) register of the CCD, which is 
1 x 10 6 electrons. At this signal level, with a 14-bit ADC (n=14), the quantization noise 
(<Tadc) is approximately 18 electrons. 

a e is a combination of several noise sources such as, reset noise, charge-transfer 
15 noise, and trapping-state noise. Reset noise is due to the uncertainty in voltage to which 
the output node is reset after a charge packet is read. This noise can be removed very 
effectively using correlated double sampling techniques. The charge-transfer noise is 
due to the finite inefficiency in the charge transfer process. The high charge transfer 
efficiency that is routinely being achieved by modern CCDs makes this source of noise 
20 relativelyunimportant. Trapping-state noise is due to the uncertainty in the quantity 
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charge, due to trapping and slow release of charge either by surface or bulk states. 
Buried-channel operation prevents such noise from the surface states and material 
control during fabrication can reduce the bulk trapping-state density to negligible levels. 
Hence for this analysis, a e is assumed to be negligible. 
5 The presampling signal and the presampling NPS at the output of stage seven is 

written as: 

10 where, the pixel variance fc) is related to the additive noise power [»P>,v)] by: 
^^Ifaju^-du-dv (60) 
The detective quantum efficiency, which is defined as the ratio of the square of 
the output signal-to-noise ratio to the square of the input signal-to-noise ratio can be 
calculated from the above equations as: 

15 DQE{u,v) = — =r ^ = — — — v KdA u > v ) 

X-g, ■g 2 -g,-gs- a pU- F f - 2 6^ V i 

yx J 

(61) 

As noted by Siewerdsen, may of the important signal and transfer properties can be 
adequately described by the zero-frequency DQE. Thus, the DQE(0) is written as: 
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m 



iU 



, , g,-gi-g4-g» (62) 

l + g4-g5-lS2+*J + 



For fluoroscopic applications, in addition to the spatial characteristics, the 
temporal characteristics of the imager are addressed. Of particular importance is image 
lag, which is a result of a fraction of the generated electrons from a particular frame 
5 being trapped and released into subsequent frames. Based on the deterministic model of 
Matsunaga et al and under conditions of signal equilibrium, Siewerdesn et al have 
derived the pixel variance after readout from the n th frame [a\ n) ) as a function of the 
fraction of trapped charge (electrons) j/^) as: 



fl-/,™, I (2 +n 2 ) +(7 2 (63) 
^ 1 J trap J 



10 where, <x 2 %) is the variance in the number of electrons generated, is the additive 
noise generated within the active area of the pixel, and is the additive noise 

generated external to the pixel, in the n* frame. Since, all the additive noise sources 
occur external to the active area of the pixel (i.e., < iW = Oand a 2 Next{n) = a] dd ), the pixel 
variance including the effects of charge trapping (<7* fl/ J is as: 

lJ ^ trap,n 1 



trap,n | 1 . f 

iT ;/ 



trap J 



(64) 

where, s is the sharpness factor defined by: 
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s = al ix F r \fi(u,v).T 6 >(u,v).du.dv <«> 
In terms of the signal, under conditions of signal equilibrium, Siewerdsen et al have also 
derived the mean number of electrons readout in the n th frame fc) to be equal to the 
mean number of electrons generated by x-ray photon interaction in the (« + if frame 
5 (g^). In a fluoroscopic sequence with uniform exposure over successive frames, 
G~ = 7 where, V n is the mean signal determined by equation 58. Hence, zero- 
O frequency DQE including the effects of charge trapping [dQE^)\ can be derived to 

S be: 

DQE' rap {6) = 



1"/. 



trap 



\^^~ ftrap J 



2 

add 



fu 



trap 



10 



^■X- gl -g 2 -g 4 -g 5 -a 2 pix -F f 



(66) 

The photon fluence per uR of exposure (jf) for the x-ray beam specified in 

Figure 28 is determined to be 2.64 x 10 2 photons/(mm 2 .uR), where X represents 
exposure in units of uR. The quantum efficiency and the number of optical quanta 
15 emitted per x-ray interaction for each scintillator is computed. A summary of gain and 
blur parameters used in the model is provided in Table 4. 
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Scintillator Thi 


ckness ( 


microns) 


Parameter 


Description 


300 


375 


450 


525 


Si 


Scintillator quantum efficiency 


0.701 


0.768 


0.818 


0.856 


Si 


Scintillator quantum gain 


1179 


1044 


898 


742 


Sa 


Fiberoptic coupling efficiency 


0.5 


Si 


CCD quantum efficiency 


1 


D.4 


B 


1 Scintillator blur parameter 


0.209 


0.242 


0.268 


| 0.290 



Table 4 



OS 

fey 



A list of various noise sources and the estimated values used for this analysis is 
summarized in Table 5. 







Pixel pitch (m 


icrons) 


Parameter 


Description 


78 


156 


234 


Odark 


Dark noise 


18 


36 


53 


thread 


Read noise 


50 


OADC 


ADC quantization noise 


18 




tfadd 


Total additive noise 


56 


64 


75 



Table 5 



imager ] 



The zero-frequency DQE [DQE(0)] can provide vital information about the 
■ performance. In general, DQE(0) provides the upper limit of the frequency- 
dependent DQE and hence, studying the limitations of DQE(0) provides an 
understanding of the maximum performance that can be achieved by the imager. 
10 Figures 32A-32D shows the exposure dependence of DQE(0) would provide an 
understanding of the maximum performance that can be achieved by the imager. 
Figures 32A-32D show the exposure dependence of DQE(0) for the three pixel pitch 
modes of operation for each of the four scintillators. At typical fluoroscopic exposure 
levels of 1-2 uR per frame, the DQE(0) performance is either comparable or improved, 
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depending on ,he thickness of the scintillator, to state-of-the-art image intensifier-based 
technology, even when the imager is operated at the high-resolution mode of 78-um. 
While increasing the scintillator thickness improves the DQE(0) at typical fluoroscopic 
and radiographic exposure levels; however at very low exposure levels, increasing the 
5 scintillator thickness results in degradation of the DQE(0). This is due to self- 

attenuation of optical quanta within the scintillator medium resulting in a decrease in the 
output signal, relative to the additive electronic noise, in spite of the improved quantum 
efficiency. This effect is observed clearly in Figure 33, which is a plot of the DQE(0) as 
a function of scintillator thickness a. various exposure levels, for the imager operating at 
10 the 156-um pixel pitch mode. The optimal range of the pixel size is 350-450 urn for a 
1 preferred embodiment. This effect is more prominent for smaller pixel-pitch (higher 

P resolution) modes of operation as seen in Figures 34A and 34R I. should be noted mat 

this effect is observed only at very low exposure levels that are not typically used in 
.current fluoroscopic clinical practice as observed by the comparison at exposure levels 
15 of 0. 1 and 1-uR in Figures 34A and 34B. 

In a preferred embodiment, the impact of additive noise on DQE(0) is addressed. 
The DQE(0) shown in Figures 32-34 is calculated using nominal (estimated) values for 
the additive noise summarized in Table 5. However, at low frame rates, the dark noise 
(a dark ) is higher due to the increased frame integration period (t), as per equation 56. 
20 Hence, the impact of additive noise is studied at a nominal fluoroscopic exposure of 2- 
uR for the three pixel pitch modes of operation for each scintillator thickness. Figures 
35A-35D show the results of these simulations. The plots indicate that as the additive 



T E 
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noise increases, DQE(O) degrades faster with decreasing pixel pitch. It is also observed 
that while the DQE(O) improves with increasing scintillator thickness for additive noise 
less than approximately 25 electrons, the DQE(0) drop-off is higher with increasing 
scintillator thickness as the additive noise increases. This indicates that a thicker 
5 scintillator can be used to improve the DQE(0) performance, provided the additive noise 
is restricted to less than approximately 25 electrons. 

Primary sources that contribute to image lag in pulsed fluoroscopic systems 
include the decay characteristics of the scintillator and charge traps within the CCD. 
Measurements of the CsLTl scintillator decay characteristics at room temperature by 
10 Valentine et al have found two primary decay time constants of 679 ± 10 ns and 3.34 ± 
0.14 its, which contribute to 63.7% and 36.1% of the emission. The design of a 
preferred embodiment system incorporates a delay of 2-ms after the termination of the 
x-ray pulse, which is sufficient to allow for almost complete integration of the emitted 
optical quanta within a particular frame. Hence, contribution to image lag from the 
15 scintillator is considered negligible. Scientific-grade CCDs are routinely used for fast- 
framing applications, typically by using frame-transfer architecture, due to their time 
characteristics. The preferred embodiment of the system uses the interline-transfer 
architecture and hence, the effect of charge trapping on the performance of the system is 
addressed. Simulations of DQE^(0) are performed by varying the fraction of trapped 
20 charge (f trap ) in the range 0 < W < 0.1, using the o add summarized in Table 5 for a 
nominal fluoroscopic exposure level of 2-uR. The results of these simulations 
performed for the three pixel pitch modes for each of the scintillator are shown in 
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Figures 36A-36D. The results indicate that for increasing f wp , the individual pixel 
variance reduces due to increased correlation between frames. This results in inflation 
of the DQE. These results further illustrate the need to measure the 'lag-free' DQE. 
Besides the zero-frequency DQE [DQE(0)], the frequency-dependent DQE 
5 [DQE(f)] provides additional insight into the imaging performance of the preferred 
embodiments of the present invention system. Simulations of the frequency-dependent 
DQE [DQE(f)] are performed at a nominal fluoroscopic exposure level of with the 
□ additive noise summarized in Table 5. These calculations are performed using the 

I presampling signal and the presampling NPS and plotted up to Nyquist limit for the 78 

S io and 156-um pixel pitch modes of operation. Results of these simulations for the four 
I thicknesses of CsI:Tl scintillator under consideration are shown in Figures 37A and 

U 37B. While these simulations are also performed with the 234-um pixel pitch mode, the 

FU results of these simulations are not plotted as similar trends are observed. The results 

p shown in Figures 37A and 37B indicate that increasing the scintillator thickness 

15 improves the DQE at low frequencies and degrades the DQE at high frequencies. It is 
also observed that there is a slight improvement in the DQE with increasing pixel pitch 
at the exposure and noise levels used in these simulations, indicating that the additive 
electronic noise, relative to the signal, is sufficient to influence the DQE for the smaller 
pixel pitch modes. More importantly, these simulations indicate that it is feasible to 
20 achieve DQE performance superior to current image intensifier-based technology at 
nominal fluoroscopic exposure levels, with the added advantage of improved and 
uniform spatial resolution. 
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Measured DQE(f) reported in literature are based on the resampling signal 
(MTF) and the aliased NPS. Further, a preferred embodiment of the present invention 
system is capable of operation at the three pixel pitch modes of 78, 156 and 234-nm. 
Hence, it is pertinent to address the effect of aliasing on the DQE(f). The DQE(f) 
5 computed using the aliased NPS is denoted by DQE a (f) simulations of the DQE a (f) are 
performed using the aliased NPS at conditions identical to that used to yield the results 
in Figures 37A and 37B. As an example, the aliased NPS for the system using a 450- 
um thick CsLTl scintillator operating at 78 and 156-um pixel pitch modes is shown in 
Figures 38A and 38B. Results of the DQE a (f) simulations are shown in Figures 39 and 
10 40. Aliasing results in a slight decrease in DQE at the zero frequency and a faster roll- 
off with increasing spatial frequency. 
U These results of the objective performance parameter DQE indicate that a CCD- 

5 based imaging system can provide DQE performance comparable to modern image 

° intensifier-based systems, with the added advantage of improved spatial resolution. It is 

15 seen that at fluoroscopic exposure levels, DQE(0) in excess of 0.6 can be achieved even 
at a pixel pitch of 78-um for a system coupled to a 300-um thick CsI:Tl scintillator. It 
is also seen that for applications that do not require very high spatial resolution, using a 
thicker scintillator and operating at a larger pixel pitch mode, enables achieving DQE(0) 
performance in excess of 0.7, at fluoroscopic exposure levels. The preferred 
20 embodiment imager is aimed at producing the highest spatial resolution for fluoroscopic 
imaging, while preserving or improving on the DQE performance afforded by currently 
available imaging systems. Results from DQE(f) calculations at fluoroscopic exposure 
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levels combined with the high spatial resolution indicate that the preferred embodiment 
imager is appropriate for cardiac and pediatric angiography. 

In accordance with a preferred embodiment, the electronic noise present 
in a single module of the CCD imager is analyzed and quantified for the cardiac 
5 x-ray fluoroscopic imager. Frequency dependent noise analysis and time- 
domain noise analysis are performed. It should be noted that the two- 
dimensional and one-dimensional noise power spectrum is calculated for all 
frame rates, for example, the four frame rates (6.865, 13.73, 18.307 and 27.46 
fps). Time domain noise analysis for all four frame rates is also calculated. The 
L0 results indicate a maximum of approximately 60 electrons at 6.865 fps which 
drop down to a maximum of approximately 35 electrons at 27.46 fps. 

One hundred full-frame images are acquired at each frame rate, five 
minutes after start-up, with no x-ray exposure to the imager. The average 
(AV100) and standard deviation (SD100) images from the 100 full-frame 
1 5 images are computed using a built-in script. Sixteen full-frame images, which 
do not exhibit any bad pixel, are selected from these 100 full-frame images. The 
average of these sixteen images (AV16) is computed. The computed average 
(AV16) is subtracted from each of the sixteen full-frame images and cropped to 
a 512 x 512 region-of-interest (ROI). The two-dimensional NPS(u,v) is 
20 computed as per equation 67 shown below: 

(\FT[ROl(x, y )}\') } 
W S M=- Jj~N " ' 

ly x 1 y 



25 



where, (\FT[ROl{x, v)]| 2 } indicates the ensemble average of the squares of the 
magnitude of the Fourier transform of the 512 x 512 ROIs, A, and A, represent 
the pixel pitch in the x and y-directions (which are both 0.156 mm) and N x and 
N y represent the number of pixels in the x and y-directions (which are both 512). 
The one-dimensional NPS(f) along the u-axis is estimated from the two- 
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dimensional NPS(u,v), by taking a thin slice of eight lines of data on either side 
of the u-axis and averaging the data points of the same frequency (f), where f is 
computed as / = ■ The resultant NPS(f) has units of DU W, where 

DU represents digital units (digital numbers or digital counts). Similarly, the 
5 NPS(f) along the v-axis is also estimated. In addition, the NPS(f) is also 
computed by radial averaging of NPS(u,v) while excluding data points along 
NPS(u,0) and NPS(0,v). The rms variance computed from the sample images 
should be equal to the volume of the NPS(u,v) over the frequency range as 
shown in equation 68. 

_ 10 rms Variance = \\NPS{u,v).du.dv ( 68 ) 

S Hence, rms variance is computed from the sixteen selected full-frame images 

S and compared with the volume of NPS(u,v). The same procedure was repeated 

ti 

83 for all 4-frame rates. 

W k addition> the volume under the two-dimensional NPS, calculated by 

f ~ 15 rotating the one-dimensional NPS(f) about the origin, estimated from each of 
C three techniques (along u-axis, along v-axis and radial average), is also 

2 compared with the rms variance to check for the best one-dimensional estimate 

P of the two-dimensional NPS. 

f ~ Further, the one-dimensional NPS estimates are scaled by a factor of 

20 (16/15) to account for the loss of variance due to subtraction of the average 
image (AVI 6) from each of the sample images. 

The two-dimensional NPS(u,v) for the four frame rates which correct for 
amplifier noise is shown in Figures 41 A-41D. A three-dimensional perspective 
is shown in Figures 42A-42D. The plots indicate that there is no significant off- 
25 axis noise. The NPS at frame rates other than 6.865 fps indicate some distinct 
frequency peaks along the u-axis. The integral of the NPS(u,v) deviated by less 
than 0.2% of the rms variance at all four frame rates. 

The one-dimensional NPS(f) for the four frame rates are shown 
respectively in Figures 43-46. Each figure contains the NPS(f) along the u-axis, 
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along the v-axis and the NPS obtained by radial average. The volume under the 
two-dimensional NPS generated by rotating the one-dimensional NPS(f) about 
the origin is computed for all three techniques and at all four frame rates and 
compared to the rms variance for the corresponding frame rate. From this 
5 • measurement, it is determined that the one-dimensional NPS(f) along the v-axis 
is the best representative for 6.865 and 13.73 fps and the one-dimensional 
NPS(f) determined by radial average is the best estimate for 18.307 and 27.46 
fps. The best representative one-dimensional NPS(f) estimates for all four frame 
rates deviated by less than 2% of the rms variance at the respective frame rates. 
10 The plot of the one-dimensional NPS(f) estimates are shown in Figure 

47. The plot indicates that the NPS increases with increasing frame integration 
period (decreasing frame rate) signifying that the electronic noise is dominated 
§ by the shot noise arising due to the dark current and not that due to read noise. 

| . The time-domain noise analysis is performed by computing the mean 

1 15 from the standard deviation image from sixteen full-frame images (spatial mean 
L of the temporal standard deviation image), at discrete time points for all frame 

£ rates. This mean provides the noise from all sources (a T ) inclusive of read 

t noise, shot noise arising from the dark current, quantization noise and other 

S noise sources. The computed mean is scaled to electrons by using a conversion 

20 gain of 2.2 electrons/digital unit (DU). The preferred embodiment imager is 
operated to run at a continuous 30 fps between successive time point 
acquisitions. 

The shot noise (a J arising from the dark current and the read noise 
component (a R ) are determined in the following manner. It is assumed that the 
25 measured total noise, {a T ) is comprised of two major sources, the shot noise 
from the dark current, a„ , and the read noise, a R , that is, the noise component 
from other sources are negligible. Hence, the total noise can be written as : 



* ~i +« 2 (69) 
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M addition, it is assumed that the read noise, a R is proportional to the 
square root of the pixel rate (P R ) and that the pixel rate is doubled when the 
frame rate is doubled as shown in equations 70 and 7 1 . 

r- 2 , p ( 7 °) 

(71) 

5 Pr,\3.13FPS - 2 ' P R,6£65FPS 

Based on equations 69, 70 and 71, the following two eo.uat.ons can be written to 
express the total noise at 6.865 and 13.73 FPS: 

o^-^ + Vm— . (?2) 



,0 where^oisthedarkchargegenerationrateineleetrons/pixel/secondandk, isa 
proportionality constant. Solving for q„ and £T. from equations 72 and 73 

5 it can be determined: 

13.73 L 2 a i 1 (74) 



2q"r,13.73FP5 ~ °"r,6.865m (75) 



15 The time-domain noise analysis is shown in Figure 48. The plot 

indicates that the electronic noise stabilizes to approximately 60 electrons at 
6 865 fps and approximately 35 electrons at 27.46 fps. 

Figure 49 is a plot of the dark current determined from equation 74 at 
various discrete time points. Theplot indicates that the dark current stabilizes at 
20 approximately 15 P A/cm 2 Figure50illustratesgraphicallythereadno.se 
determined from equation 75 at various discrete time points. The graph 
indicates that the read noise stabilizes at approximately 9, 13, 15 and 18 
electrons at 6.865, 13.73, 18.31 and 27.46 frames/second. 

The correlation between the space-domain and time-domain analyses ,s 
25 addressedinapreferredembodimentofthepresentinvention. Thestandard 

{j;\CUENTS\ip\301506\3001\3001-100\F0198906.DOC;n 



301506.3001-100 



.is. 



-84- 



deviation (in electrons) obtained by the spatial mean of the temporal standard 
deviation image is compared with the standard deviation (square-root of the 
variance) computed from the volume under the NPS(u,v) and the results are 
shown in Table 6. 




10 



15 



20 



Further, additional results from the measurements of pre-sampling 
modulation transfer function (MTF), NPS, noise equivalent quanta (NEQ) and 
DQE are computed in preferred embodiments of the present invention. 
The measurement conditions included the following conditions particular to the 
generator settings, the beam quality and the imager setting, The generator settmgs 
included: peak applied tube voltage: 70 kV P ; tube current: 200mA; duration of 
exposure: 1.25 ms; nominal focal spot size: 0.6 mm; and source-to-imager distance: 
1 1 5 cm. The beam quality settings included: half-value layer prior to added filtration: 
3 1 mm of Al; added filtration: 4.1 cm of Al at 50 cm from focal spot; calculated 
photon fluence per unit exposure: 302 photons/mm 2 /uR; and exposure incident on 
detector: 8 uR. Further, the imager settings included a frame rate of 7. 5 fps. The frame 
rate of 7.5 fps is used as the electronic noise of the imager is found to be higher at 7.5 
fps than other frame rates, thereby providing a conservative measure. 

The presampling MTF measured along two orthogonal directions are 
shown in Figure 5 1 . Figure 52 illustrates graphically a comparison with the 
theoretically predicted MTF based on prior measurements with a similar 
scintillator and a laboratory small-area low-noise CCD. Figure 53 is the two- 
dimensional normalized NPS measured at 8 uR. The two-dimensional NPS 
indicates good isotropy. Figure 54 is the plot of the one-dimensional normalized 
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NPS determined along u, v-axes and by radial averaging the two-dimensional 
normalized NPS. Figure 55 is the plot of the NEQ measured at 8 uR. Figure 56 
illustrates graphically the DQE measured at 8 uR. 

Figure 57 illustrates graphically the lag corrected DQE as a function of 
; spatial frequency in cycles/mm for u-axis measurements for different radiation 
doses The DQE does not drop appreciably at lower exposure levels. Similarly, 
Figure 58 illustrates graphically the lag corrected DQE as a function of spatial 
frequency for v-axis measurements for different radiation doses. The 
performance of a single module operating at 156- urn pixel pitch in fluoroscopic 
0 (30 fps) and radiographic modes with a 7-mm half-value layer, 72-kVp x-ray 
beam is used in terms of the pre-sampling modulation transfer function (MTF), 
noise power spectrum (NPS), and detective quantum efficiency (DQE). The 
fluoroscopic image lag is measured and accounted for in the DQE estimate to 

provide 'lag-free' DQE. 

L5 The measured limiting spatial resolution at 10% pre-sampling MTF is 

3.5 cycle/mm (Nyquist limit: 3.2 cycle/mm). In the pulsed fluoroscopic mode, 
the first-frame image lag was less than 1%. The 'lag-free' DQE(0) of 
approximately 0.52 is achieved even at a vary low fluoroscopic exposure rate of 
1-uR/frame. Grid phantom measurements indicate no appreciable distortion. 

20 The results demonstrate very high and uniform spatial resolution at 30 

fps fluoroscopy, while preserving and potentially improving on the DQE 
performance. Results from DQE and image lag measurements at fluoroscopic 
exposure rates combined with the high spatial resolution observed from the MTF 
provide support for the use of this imager for cardiovascular and pediatric 

25 angiogrpahy. 

Figure 59 illustrates graphically a comparison of the u-axis and v-axis 
polynomial fit of the lag corrected DQE as a function of spatial frequency for a 
1 uR radiation dose. Similarly, Figure 60 illustrates graphically a comparison of 
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the u-axis and v-axis polynomial fit of the lag corrected DQE as a function of 
spatial frequency for a 4 uR radiation dose. 

The claims should not be read as limited to the described order or elements 
unless stated to that effect. Therefore, all embodiments that come within the scope and 
5 spirit of the following claims and equivalents thereto are claimed as the invention. 
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